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In all living cells (and most viruses) the genetic information 
is concealed in the sequential organization of the DNA molecule 
The total length of the DNA molecules varies, depending on the 
complexity of the organism, from a few yun (in viruses) to several 
meters in higher eucaryotes In bacteria and eucaryotes, the DNA 
molecule is associated with particular proteins and devided into 
one or more chromosomes. In eukaryotes DNA is largely located in 
the nucleus, while in bacteria such an organe 1 is absent. It is 
obvious that the duplication of the DNA molecules is one of the 
most fundamental events in the live cycle of every living cell 
Replication of the nuclear DNA occurs only once in the cell 
cycle and is restricted to the S phase. The complete genome has 
to be replicated with great accuracy within a time span of 
several hours. 
It will be clear that spatial organization of the DNA molecule 
is required in order to prevent entanglement of the DNA strands 
during replication. Moreover, a proper partition of both newly 
synthesized DNA molecules during mitosis is inconceivable without 
the support of a three dimensional structural organization. Fur­
thermore, DNA replication must be regulated with high stringency 
in order to guarantee that the entire DNA molecule is replicated 
without any errors. 
Chromatin structure 
In eucaryotes, nuclear DNA is associated with particular pro­
teins into a structure called chromatin. In 1974, Kornberg [1] 
has described a structural arrangement of chromatin into repea­
ting units called nucleosomes. It appeared that each nucleosome 
[2-4] contains a stretch of DNA associated with a histone octa-
mer. The latter is composed of two molecules of each of the his-
tones H2A, H2B, НЭ and H4 [5-7]. It appeared that the nucleosomes 
consist of approximately 140 base pairs of DNA [8-11], wrapped 
around the outside of the histone octamer [12-16], and a stretch 
of linker DNA connecting two consecutive nucleosomes. The length 
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of the linker DNA varies from species to species [10.11.14,17] or 
even within one species [18]. Graded digestion of chromatin with 
micrococcal nuclease has revealed that DNA is wrapped in 1 75 
turns around the cylindnc histone octamer [15,19,20] which has a 
diameter of 10 μπι, inducing a negative supercoil in each nucleo-
some [21] Digestion of chromatin with DNAse I showed that the 
core DNA is accessible to nucleases and cleaves the nucleosomal 
DNA at 10 base pairs intervals. This indicates that the DNA is 
not smoothly bent around the histone octamer [22]. The positio­
ning of the hiötone octamer on the nucleosomal DNA is obviously 
not mediated by specific DNA sequences [23,24] The effect of the 
association of DNA with histones into a beads on a string organi-
zation [2,3,25,26], as can be observed in the electron micros-
cope, is that a length reduction of the DNA molecule is obtained, 
expressed in a packing ratio of approximately 7. 
Evidence has accumulated for the existance of a fifth histone, 
namely histone HI [27,28], which is located on the linker DNA, 
possibly in the middle It is now generally accepted that histone 
HI functions as a bridge between two consecutive histone octa-
mers. A second level of chromatin packing has been described as a 
solenoidal organization of the beads on a string structure [26, 
29-31] The total packing ratio thus obtained is approximately a 
factor 40 and results in a chromatin fiber with a diameter of 40 
ran However, a much higher packing ratio of the DNA molecule is 
required to obtain the structural organization of the DNA as ob-
served in interphase nuclei and metaphase chromosomes. Nelson et 
al. [32] have calculated that in metaphase chromosomes the total 
length of the DNA molecule exceeds that of the chromosome itself 
by a factor 10*. An additional packing of the chromatin fiber can 
be obtained by folding of the chromatin fiber in large loops that 
are associated with the nuclear matrix during interphase [33]. A 
similar structural organization during mitosis can be obtained by 
the association of the chromatin fiber with the chromosomal 
scaffold [34] 
The nuclear matrix 
The first evidence for the existance of a nuclear skeleton was 
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described by Mayer and Gulich in 1942 [36], who used high salt 
concentrations to extract nuclear proteins The residual nuclear 
structure that remained was largely composed of proteins and RNA 
Almost two decades later, Zbarsky and Georgiev [37] observed a 
filamentous protein network within the residual nuclear struc-
ture. The term nuclear matrix was introduced by Berezney and 
Coffey [35]. In their original procedure, nuclei were isolated 
and deprived of their membranes by including the nomonic deter-
gent Triton X-100. Subsequently, nuclear matrices were prepared 
by treating nuclei with high salt concentrations (2 M NaCl), and 
an extensive digestion with RNAse A and DNAse I. Since then, nu-
clear matrices have been isolated from several different orga-
nisms, like mammals [38-42], sea urchin [43], Drosophila [44], 
yeast [45], Physarum [46-48]and Tetrahymena [49]. 
Electron microscopic observations have revealed that the nu-
clear matrix is composed of three distinct structures. The first 
is an outer protein layer, called the nuclear lamina [50], which 
is the most internal part of the nuclear envelope, and is about 
30 - 40 run thick in Physarum [51] and 15 - 20 ran in mammals [52, 
53]. Recently, Aebi et al. [54] have demonstrated that the nucle-
ar lamina contains a two dimensional protein network of 
intermediate-type filaments. Furthermore, the nuclear lamina is 
frequently interrupted by numerous pores, usually referred to as 
the nuclear lamina pore complex [55-57]. The second structure 
that can be distinguished in the residual nuclear structure is 
designated as the internal matrix, and is a fibrogranular fila-
mentous network which is constrained by the nuclear lamina 
[58,59]. The internuclear filaments have a diameter of approxi-
mately 25 nm [51,52]. Finally, a third element of the residual 
nuclear structure is found in the internal matrix. This amorphous 
electron dense material is regarded as the remnant of the nucle-
olus [60] . 
Biochemical analyses have demonstrated that the nuclear matrix 
consists for 90% of proteins. Furthermore, some less defined 
carbohydrates have been observed and, although nuclear matrices 
have been exhaustively digested with nucleases, remnants of nu-
clear DNA and RNA were demonstrated [60]. Protein compositions of 
the nuclear matrix have been described by several authors [60-
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67], but with contradictory results, most obviously due to varia-
tions in the isolation procedure. In higher eucaryotes, proteins 
in the molecular weight range of 60 to 75 kD are most commonly 
described [42,55,56,68,69], whereas in lower eucaryotes different 
protein compositions have been described [46-49] Immuno cytoche-
mical observations have revealed that the 60 to 75 kD proteins 
are located in the nuclear lamina and have [56,70,71], conse-
quently, been designated as lamín А, В and С [55]. Up to the 
present time none of the other proteins have been identified as 
elements of the internal matrix Contradictory results have been 
described for the presence of actin in the matrix [72-74]. It is 
not clear yet whether actin is an inherent matrix protein or just 
represents a cytoplasmic contamination. 
Berezney and collaborators [75] were the first to describe an 
association of nuclear DNA to the nuclear matrix. Electron 
microscopic observations have revealed that nuclear DNA is asso­
ciated with the internal matrix rather then with the nuclear 
lamina [51]. In careful preparations, almost 100% of the nuclear 
DNA remains with the matrix [41], when nuclei are extracted with 
2 M NaCl. Release of all DNA from the matrix can only be obtaind 
when the DNA-matnx complex is completely dissociated by treat­
ments with SDS or high concentrations of urea in combination with 
2 M NaCl [64,76,77], indicating that nuclear DNA is probably 
bound to the matrix by polar interactions and hydrogen bonds 
When nuclei are gently treated with 2 M NaCl, DNA loops out of 
the matrix and forms a halo which can be observed after appro­
priate staining [78-80]. It has been suggested that nuclear DNA 
is associated with the matrix by consecutive binding sites in 
such a way that loops are being formed. 
The chromosomal scaffold 
At the end of 6= phase, nuclei enter mitosis in order to 
divide into two identical daughter nuclei. During mitosis, intei— 
phase chromatin is condensed and rearranged to form metaphase 
chromosomes. The biochemical basis of this transformation is not 
understood, however, the involvement of cytoplasmic factors can 
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be deduced from the fact that premature chromosome condensation 
can be induced experimentally by cell fusion [81-83]. In higher 
eucaryotes, the nuclear lamina becomes disassembled during mito-
sis [68,69], this feature is usually called an open mitosis, 
whereas a closed mitosis, not accompanied by disassembly of the 
lamina, is observed in lower eukaryotes like Physarum 
polycephalum [51]. 
It is generally assumed that both sister chromatids of one 
chromosome contain each one complete chromatin fiber [84]. In 
continuation of nuclear matrix preparations, treatments of 
isolated chromosomes with high salt buffers or with polyanions 
like heparin and dextran sulphate to dehistonize chromosomal DNA, 
have revealed that chromosomes contain a central protein skele-
ton, designated as the chromosomal scaffold [34]. Analogous to 
nuclear residual structures, halos of DNA, surrounding the chro-
mosomal scaffold can be demonstrated using appropriate staining, 
indicating that DNA is associated with the chromosomal scaffold 
in a similar way as with the nuclear matrix [85]. 
The similarity of observations on interphase nuclei and 
metaphase chromosomes, concerning the structural organization of 
nuclear DNA has led to the assumption that chromosomes might be 
the result of a rearrangement of the internal matrix and vice 
versa [52,61,86]. Although some functional similarities, like the 
association of nuclear DNA to the matrix and chromosomal scaffold 
[34,76,78-80,87-90], were demonstrated, the similarity of protein 
compositions of both structures is poor [91]. The latter might be 
due to variations in isolation procedures. Recently, it has been 
demonstrated that at least some proteins can be detected in the 
matrix as well as in the chromosomal scaffold [52,92,93]. 
Chromatin replication 
Nuclear DNA replication is a temporary and spatially highly 
ordened nuclear event. Several authors have demonstrated that nu-
clear DNA is organized in numerous replication units called re-
plicons [94,95], which appeared to be organized into larger 
replication domains [96,97]. The size of a replicón varies from 
species to species [98] and even within one species, it depends 
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on the stages of development [99]. Each replicón contains a DNA 
region at which replication is initiated. These DNA regions are 
generally described as replicón origins or replication origins 
[100]. Up to the present little is known about the triggering 
mechanism of DNA replication. Once replicón origins are initi-
ated, two replication forks emerge, moving in opposite direc-
tions. meaning that DNA replication proceeds bi-directionally 
[101-103]. Whether termination of DNA replication is mediated by 
specific sequences, or just by the fusion of two adjacent repli-
cation forks [104] remains unclear yet. 
Since all known DNA polymerases can only synthesize DNA in the 
5'-3' direction [105] it is now generally accepted that eucary-
otic DNA replication proceeds discontinuously, at least on one 
DNA strand [106,107]. As a consequence, the primary products of 
DNA replication are the so-called Okazaki fragments [108-111], 
which have an average length of 200 nucleotides. Considering the 
fact that none of the known DNA polymerases is able to synthesize 
DNA on a single stranded template [105] , it was assumed that RNA 
primers were required to initiate synthesis of Okazaki fragments 
[112,113]. Although this was demonstrated in vitro, results ob-
tained by in vivo experiments were contradictory [114-116]. The 
striking similarity of the length of Okazaki fragments and nucle-
osomal DNA has led to the hypothesis that Okazaki fragments are 
initiated between the nucleosomes, on the linker DNA [117,118]. 
In the pre-fork DNA replication model this means that.the 
pre-fork initiation occurs at the linker DNA [119]. 
Newly synthesized DNA becomes associated with the histone oc-
tamer [120,121] and Okazaki fragments are ligated to form DNA 
strands of replicón size [106,107,109,111,122,123]. Finally all 
replicated replicons are ligated to form a mature, newly synthe-
sized chromosome [107,122,123]. 
DNA replication and the nuclear matrix 
Graded nuclease digestion of isolated nuclei, which were pulse 
labelled with 3H thymidine, has revealed that replicating DNA is 
preferentially associated with the high salt resistant nuclear 
matrix [40,41,80]. Repeating the experiment with 3H labelled nu-
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elei isolated after a chase of several hours, however, has demon-
strated that after being replicated, DNA is detached from the 
nuclear matrix [76]. It appeared that replicating DNA is rever-
sibly attached to the residual nuclear structure just behind the 
branch point of the replication fork, as could be demonstrated by 
single stranded nuclease digestion of S phase nuclei [124]. Con-
sequently, it has been concluded that nuclear DNA is temporarily 
associated with the nuclear matrix during replication, at repli-
cation fork regions. Once a particular region has been replica-
ted, and reeled through the replication site at the matrix, it 
becomes detached and transferred to a position remote from the 
matrix [125-128]. 
Identical conclusion were drawn from a different type of 
experiments. When autoradiograms were prepared from 3H thymidine 
pulse labelled matrix-DNA halo structures, it appeared that 
almost all label was concentrated at the matrix. However, after a 
pulse of several hours, the label was also found in the surroun-
ding DNA halo structure [78,80,127]. Electron microscopic ana-
lysis of nuclear matrix associated DNA, isolated at S phase, have 
shown that matrix associated DNA is enriched in replication fork 
structures [129] . 
Besides the temporal binding of replicating DNA, a permanent 
DNA matrix association has been demonstrated recently [78,88,89]. 
It was shown that DNA fragments, pulse labelled with 3H thymidine 
during onset of S phase, were preferentially associated with the 
matrix, even after a chase of different times. It has therefore 
been suggested that DNA is attached to the matrix by the origins 
of replication. These results were corroborated by measuring dia-
meters of matrix DNA halo structures. It appeared that the dis-
tance between two consecutive binding sites is similar to the 
length of a replicón [79,80]. The same results were obtaind when 
loop sizes of DNA-chromosomal scaffold halo structures were com-
pared with replicón lengths [34]. 
Although considerable progress has been made in the under-
standing of DNA replication, the precise function of the nuclear 
matrix during DNA replication remains unclear. However, Bekers et 
al. [52] have recently suggested that the nuclear matrix supports 
a three dimensional structural organization of nuclear DNA that 
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is required for a proper proceeding of DNA replication. The lack 
of a structural DNA organization would irrevocably result in the 
entanglement of the DNA strands during replication. 
It was the aim of the study presented in this thesis, to gain 
information about the interaction between the nuclear matrix and 
nuclear DNA, with respect to DNA replication. Accordingly, the 
association of DNA with the matrix has been decribed in chapter 
2. Chapter 3 describes the purification of nuclear matrix pro­
teins, required for DNA binding experiments which are described 
in chapter 4 and 5. A detailed study of the protein composition 
of Physarum nuclear matrices is described in chapter 6. In con­
tinuation of the latter, chapter 7 deals with the protein compo­
sition of the Physarum nuclear matrix during the nuclear cycle. 
The properties of the DNA sequence associated with the Physarum 
nuclear matrix have been described in chapter Θ, whereas chapter 
9 is devoted to the initiation of Okazaki fragments with respect 
to the nucleosomal organization. For all experiments, except 
those decribed in chapter 9, nuclei were isolated from the slime 
mold Physarum polycephalum 
-17-
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POLYCEPHALUM.ATTACHMENT OF REPLICONS AND REPLICATION FORKS TO THE 
NUCLEAR MATRIX. 
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ABSTRACT 
We have investigated the attachment of DNA to the nuclear 
matrix during the division cycle of the plasmodial slime mold 
Phvsarum polycephalum. The DNA of the Plasmodia was pulse 
labelled at different times during S phase and the label 
distribution was studied by graded DNAse digestion of the 
matnx-DNA complexes prepared from nuclei isolated by extraction 
with 2 M NaCl. Pulse labelled DNA was preferentially recovered 
from the matrix bound residual DNA at any time of the S phase. 
Label incorporated at the onset of the S phase remained 
preferentially associated with the matrix during G= phase and the 
subsequent S phase. The occurrence of the pulse label in the 
matrix associated DNA regions was transiently elevated at the 
onset of the subsequent S phase. Label incorporated at the end of 
the S phase was located at DNA regions which, in G^ phase, were 
preferentially released from the matrix by DNAse treatment. From 
the results and previously reported data on the distribution of 
attachment sites it can be concluded that origins of replication 
or DNA sites very close to them are attached to the matrix during 
the entire nuclear cycle. The data further indicate that 
initiations of DNA replication occur at the same origins in 
successive S phases. Replicating DNA is bound to the matrix, in 
addition, by the replication fork or a region close to it. This 
binding is loosened after completion of the replication. 
INTRODUCTION 
Considerable progress in the understanding of the DNA 
replication in procaryotes has been made in recent years. 
However, specific problems turn up at the organizational level of 
eucaryotic cells. For example, it is not known how the cell 
ensures that each chromosomal DNA molecule is duplicated a single 
time between 2 cell divisions. It is also but poorly understood 
how the daughter cells obtain one partner of each pair of sister 
chromatids that arises from the replication. Now, evidence is 
accumulating that a scaffold-like structure, the nuclear matrix, 
may play a significant role in these processes. 
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The nuclear matrix is a protein structure which can be 
obtained from mammalian cell nuclei by successive treatments with 
apolar detergents and 2 M NaCl [1,2]. It has also been obtained 
by a simular procedure from other organisms [3,4]. Ideas on the 
possible role of the matrix in the spatial organization of DNA 
replication have been corroborated by the observation that 
replication forks are preferentially associated with it [5-12]. 
To explain the process of untwining and separation of DNA 
daughter molecules it has been suggested that, besides the 
temporary binding of the replication forks, replication origins 
might be attached to the scaffold as well [13,14]. 
Convincing evidence of the binding of the origins is still 
lacking It requires the specific labelling of at least part of 
the origin regions. This can be achieved only by adding label to 
highly synchronous cell sytems at the very beginning of the S 
phase. Plasmodia of the slime mold Physarum polvcephalum are 
particulary useful for such studies because of the extreme 
synchrony of mitosis and S phases in all nuclei of a Plasmodium. 
We here report results which indicate that origins of replicona 
are bound to the nuclear matrix during the entire nuclear cycle 
and that replication points are bound in the S phase but are 
released from the binding sites after termination of the 
replication. 
MATERIAL AND METHODS 
Growth and labelling of Physarum Plasmodia. 
Microplasmodia of Physarum polycephalum. strain МзсІ , were 
grown as described by Daniel and Baldwin [15]. Macroplasmodia 
were prepared according to Güttes and Güttes [16] and the stages 
of the nuclear cycle were determined as described by Schel and 
Wanka [17]. 
Plasmodia were pre-labelled by adding 0.2 pCi/ml [г-^С] 
deoxythymidine (about 50 mCi/mmol) to the growth medium. To 
terminate the pre-label ling the Plasmodia were transferred to 
labelfree medium at least one hour before the pulse labelling 
experiments were performed. For pulse experiments the Plasmodia 
were placed on 0.5 ml medium containing 200 jiCi/ml [Me-3H 
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deoxythymidine (20 Ci/mmol) for the times indicated. For chase 
experiments the Plasmodia with the supporting filters discs were 
briefly put on a sterile filter paper to remove excess fluid, 
then briefly washed and placed for 3 minutes on unlabelled medium 
containing 20 jjg/ml thymidine and subsequently grown on medium 
without thymidine addition for the times required. 
Preparation and analysis of the nuclear Ivsates. 
Nuclei were isolated essentially as described by Mohberg and 
Rusch [18] using an isolation medium containing 0.25 M sucrose, 5 
mM MgCb, 10 mM Tris-HCl PH 7.2 and 0.1% Triton X-100. Nuclear 
lysates were prepared by suspending the isolated nuclei in an 
appropriate volume of 50 mM Tris-HCl pH 7.2 and mixing the 
suspension with an equal volume of 4 M NaCl in the same Tris 
buffer. Digestions with DNAse I (Sigma Corp., electrophoretically 
pure) were carried out at 37 0C in the presence of 7.5 mM MgCl=·. 
The digestions were terminated by adding EDTA at a final 
concentration of 10 mM. 
15 to 40% sucrose gradients containing 2 M NaCl were prepared 
on 65% sucrose cushions containing 2 M NaCl and 0.4 g/ml CsCl. 
Samples of 4 ml were place on top of the gradients and 
centrifuged for 2 hours at 20,000 rpm and 15 0C in an Beekman 
27-2 rotor, if not stated otherwise. 
Determination of the radioactivities. 
To determine the label incorporation into the Plasmodia, 
samples were removed and washed in 70% ethanol. The material was 
then dissolved in 1% SDS (sodium dodecyl sulphate) solution. 
Salmon sperm DNA was added at a final concentration of 0.2 mg/ml. 
The DNA was precipitated by mixing with 0.5 volume of cold 20% 
trichloroacetic acid and the hot-acid soluble radioactivity of 
the sediment was determined as described [19]. Radioactivities of 
sucrose gradient fractions were precipitated and determined in 
the same way. 
When DNA and protein were labelled simultaneously, in addition 
to DNA, bovine serum albumin was added as carrier at a final 
concentration of 0.4 mg/ml and the acid insoluble precipitate was 




Deoxvthymidine incorporation into Plasmodia in pulse and chase 
experiments 
The particular advantage of Physarum Plasmodia lies in the 
excellent synchrony of the nuclear events and the predictability 
of the onset of DNA replication [20]. DNA synthesis starts 
between 5 and 13 minutes after metaphase [21]. However, the 
duration of the S phase as reported by different authors varies 
considerably [22-25]. This may be due to minor differences in 
culture conditions. We therefore determined the thymidine 
incorporation into the hot-acid soluble material during succesive 
10 minutes intervals following the З1"0 mitosis after plasmodial 
fusion. As shown in fig. 1 DNA synthesis started between 5 and 15 
minutes after metaphase and gradually ceased 2 hours later. 
Thymidine incorporation into Plasmodia continues at a low rate 
during the G3 phase, due to mitochondrial and nucleolar DNA 
synthesis [26,27]. The duration of the total nuclear cycle from 
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MINUTES AFTER METAPHASE 
Figure 1. Rate of thymidine incorporation during the S phase. 
Parts were cut out of a pre-label led Plasmodium at successive 
times during the S phase and placed on a medium containing 10 
yCl/ml [3H] dThd. Hot-acid soluble counts were determined in each 
sample after 10 minutes of incorporation. The points represent 
amounts of [3H] label incorporated per unit of [14C] labelled 
bulk DNA. Data are averaged from 3 experiments. 
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The abrupt increase of the thymidine incorporation at the 
beginning of the S phase makes it possible to specifically label 
at least that population of replication origins which is 
initiated at the beginning of the S phase. To assess the 
specificity of the origin labelling in pulse-chase experiments we 
determined the incorporation of label during the chase after a 
pulse. This is of particular importance in view of the large 
pools of thymidine nucleotides [28,29] and the long 
transportation distance in the voluminous Plasmodia. 
Representative results of these experiments are summarised in 
J L 1 1 1 1 1 
ο ι г э 4 ъ eh 
TIME AFTER PULSE 
Figure 2. Continuation of label incorporation in pulse-chase 
experiments. 
Prelabelled Plasmodia were pulse labelled either from 0 - 2 0 
minutes ( + ) , 2 5 - 3 0 minutes (x) or 35 - 40 minutes (o) after 
metaphase. The Plasmodia were then chased in the presence of 25 
pg/ml unlabelled thymidine. Samples were removed for the 
determination of hot-acid soluble label at successive times. The 
increase of PH] label per unit [*•«•€] DNA is expressed in % of 
that found at the end of the pulse. 
fig. 2. They show that a rapid increase of acid insoluble 
radioactivity continues for 2-3 minutes after the termination of 
the pulses followed by a further incorporation at a negligible 
rate. The total radioactivity incorporated into the DNA during 
the chase was usually equal to that of a 6 to 7 minutes pulse. 
This incorporation is due to the presence of labelled thymidine 
nucleotides accumulated in the Plasmodia during the pulse periode 
which is only gradually diluted by the addition of unlabelled 
thymidine at the beginning of the chase. The incorporation of 
label during the chase was about twice as high when the 
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unlabel led thymidine was omitted from the chase medium (results 
not shown). For obvious reasons the relative increase of the acid 
insoluble radioactivity was higher after a short pulse than after 
a long one. 
We would like to mention that the apparent label increase was 
irregular after short pulses given at the very beginning of the S 
phase (fig. 2). This irregularity is due to the fact that 
different areas of a Plasmodia enter the S phase at slightly 
different times and therefore incorporate different amounts of 
label in the various part of a Plasmodium. It is therefore not 
possible to determine reliably the radioactivity incorporated 
during the chase which follows a pulse at the beginning of the S 
phase. It may be presumed, however, that it will not differ much 
from that incorporated after a pulse applied at a later time. 
The DNA-matrix complex. 
Treatment of Physarum nuclei, isolated in the presence of 0.1% 
Triton X-100, with 2 M NaCl results in a residual protein 
structure. The high-salt insoluble structure is analogous to the 
nuclear matrix of higher eucaryotes [1,2,4]. In electron 
micrographs thin DNA threats are found to be associated with the 
matrix [30]. To estimate the proportion of total nuclear protein 
and DNA associated with the matrix-DNA complex we grew 
macroplasmodia of Physarum for 24 hours on a medium containing 
[^Hl-leucine and ['"Cl-thymidine. The nuclei were isolated 4 
hours after metaphase and the nuclear lysate prepared in 2 M NaCl 
was analysed by sedimentation through sucrose gradients. Fig. 3 
shows that 36% of the protein label and almost 90% of the DNA 
label were associated with the rapidly sedimenting salt-insoluble 
structure. Such high proportions of matrix associated DNA were 
only found in carefully prepared salt lysates. Detachment of up 
to 40% of the DNA, due to unavoidable shear of endogeneous 
nucleolytic digestion, were not uncommon. More than 99% of the 
I'-^C] label was released from the matrix by a moderate DNAse 
treatment (fig. 3B) indicating that virtually all [1'*C] was 
present in the DNA. Obviously, the proportions of total 
plasmodial protein and RNA present in the matrix are so small 
that aspecific incorporation of radioactivity, derived from 
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thymidine degradation, does not impair the interpretation of the 
results [31]. 
Fig. 3 also shows a decrease of matrix associated protein 
label from 36 to 27% upon DNAse treatment. This could mean that a 
minor part of the labelled proteins is attached to the DNA loops 
which are removed from the complex by DNAse treatment. 
5 10 15 
FRACTION NUMBER 
Figure 3 Association of DNA and protein with a rapidly 
sedimenting matrix structure. 
A Plasmodium was labelled with 2 uCi/ml [3H] leucine and 0.2 
μΟι/ιηΙ [14C] dThd for 20 hours. A nuclear lysate was prepared 4 
hours after metaphase and centrifuged through a 2 M NaCl 
containing sucrose gradient for 16 hours at 20,000 rpm (A). Parts 
of the lysate were digested for 20 minutes with 10 pg/ml DNAse at 
37 C'C (B) or 1 mg/ml proteinase К at 45 0C (C) prior to 
centnfugation. Sedimentation direction is from right to left. 
But less or no loss of protein label has been observed in 
other experiments. On the other hand, exhaustive proteolytic 
digestion of the matrix always released DNA from the rapidly 
sedimenting structure (fig. 3C) indicating that the protein 
matrix function as a scaffold to which the DNA is bound. 
Digestion of nuclear lysates with RNAse had no effect on the 
sedimentation pattern. 
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It should be noticed that nuclei used for this particular 
experiment have been isolated 4 hours after the metaphase. This 
means that the attachment of the DNA is not limited to the S 
phase but continues into the Ga. This question of a continuous 
binding of the DNA has not been considered in detail in previous 
studies [7,12]. 
Binding of the DNA at the replication forks. 
To investigate the attachment of specific DNA regions to the 
matrix we first labelled these regions specifically and then 
analysed the label distribution by graded DNA digestion of the 
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Figure 4. Attachment of new 
A Plasmodium pre-label led w 
from 15 to 25 minutes after 
one half of the Plasmodium 
other half after a chase of 
were prepared and half of e 
pg/ml DNAse for 15 minutes 
by sucrose gradient centrif 
to left. 
ly replicated DNA to the matrix. 
ith [l*C] was pulse labelled with ['H] 
metaphase. Nuclei were isolated from 
immediately (A and B) and from the 
1 hour (C and D). Nuclear lysates 
ach lysate was incubated with 2.5 
(B and D). The samples were analysed 
ugation. Sedimentation is from right 
separated from the matrix by centrifugation. A typical experiment 
for pulse labelled replicating DNA regions is shown in fig. 4. 
About 60% of the total randomly labelled DNA and 95* of the newly 
synthesized DNA were associated with the rapidly sedimenting 
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matrix After further release of DNA by digestion with DNAse I 
15% of the total and 70% of the newly synthesized DNA remained 
with the matrix (fig 4B) The relative increase of pulse label 
in the matrix associated DNA residues indicates that the 
replicating DNA molecules are attached to the matrix by fork 
regions [8] and, consequently, pass through the binding sites 
along with the movement of the replication fork 
_1 1 1 1_ 
20 10 Б0 SO 
% D N A ATTACHED 
Figure 5 Matrix attachment of newly replicated DNA during the S 
Phase. 
Plasmodia were pulse labelled at different times of the S phase 
Lysates were prepared immediately after the pulse and digested 
with graded concentrations of DNAse The concentration range in 
this and the following experiments was between 0 3 and 10 pg/ml. 
The digested samples were analysed by sucrose gradient 
centrifugation as described in fig 4 relative ratios are % of 
[3H] label per % of [1'*C) label associated with the rapidly 
sedimenting matrix (corresponding to fraction 1 to 5 in fig 4) 
They are plotted as a function of the % bulk DNA remaining at the 
matrix after the DNAse treatment The pulse times of the 5 
experiments were as follows χ and + from 0 to 10 minutes after 
metaphase, о from 30 to 35 minutes after metaphase, « from 80 to 
85 minutes after metaphase and , Δ from 100 to 110 m m after 
metaphase. 
On continuing replication, a once labelled DNA region should be 
displaced into a position more or less remote from the binding 
site This is supported by the finding that the enrichment of 
pulse label in the matrix associated DNA residues becomes 
negligible after a 1 hour chase (fig. 4c and D). 
The preferential association of the newly replicated DNA 
regions with the matrix is characterized by a progressive 
increase of the ГН]/[14С] ratio in the residual material when 
DNA is detached from the complex by graded DNA digestion (8,10) 
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Fig. 5 summarizes several representative experiments performed 
at different times during S phase. Clearly, the most recently 
replicated DNA parts are associated with the nuclear matrix at 
any time of the S phase. However, pulse label incorporated at the 
very beginning of the S phase was always less accessible to DNAse 
than pulse label incorporated at a later time (upper and lower 
curve in fig. 5 respectively). 
Permanently bound DNA sites. 
As already mentioned, the attachment of the DNA to the matrix 
is not limited to the S phase but continues into the G2 phase 
(see fig. 3). We next tried to find out whether the attachment in 
the G=Î phase is random or whether it is in some way related to 
the replication process. For example on might imagine that either 
origin or termination sites of the replication remain permanently 
bound to the matrix. We therefore pulse labelled Plasmodia at 
various times of the S phase and then chased until the late G^ 
phase. In such experiments label incorporated in the middle of 
the S phase did not appear at a distinct position with regard to 
the attachment site. The relative pHl/P^C] ratios upon DNAse 
digestion were close to 1 with only insignificant and irregular 
deviations (results not shown). 
To label origins of replicons preferentially [3H] thymidine 
was added at metaphase in order to ensure a high specific 
activity of the dTTP pool at the onset of DNA synthesis. The 
Plasmodia were transferred to chase medium 10 minutes later. This 
results in a very efficient labelling of newly initiated DNA 
which, by this time, varies in length from below 1 to about 4 )m 
[21,32]. Attempts to reduce the length of the labelled regions by 
a shorter pulse were not succesful because the radioactivity 
incorporated was to low for a reliable analysis of the label 
distribution. Fig. 6 shows that the pulse label appeared 
preferentially in the DNA residues not detached from the matrix 
by DNAse digestion. The inverse relationship between PHl/t^C] 
ratios and amount of attached DNA indicates that the binding is 
at the pulse labelled regions even when they are very short, 
including little more than the origins of replicons. This 
preferential association of the initially labelled DNA regions to 
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the matrix was observed during the Сз and the subsequent S phase 
and was slightly , but reproducibly elevated during the onset of 
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Figure 6 Attachment of the origin of replicons to the matrix 
Pre-label led Plasmodia were pulse labelled with ["Ή] dThd from 
0 to 10 minutes after metaphase The Plasmodia were then chased 
for various times and nuclear lysates were analysed as 
described in fig. 5 χ and + chase until late G-s (6 hours after 
metaphase), о ,· and chase until 15 minutes after the 
subsequent metaphase, à chase until 90 minutes after the 
subsequent metaphase The upper curve approximates the data 
obtained with the chase until the onset of the next S phase, 
the lower curve those of the other chase times 
To label termination sites and/or adjacent regions we pulse 
labelled Plasmodia at the end of the S phase and subsequently 
chased into the late Ga phase. Label incorporated into this 
region was more rapidly released from the matrix than bulk DNA. 
This is shown by the progressive decrease of the [3H]/[1'*C] ratio 
in the matrix bound DNA residues remaining upon digestion with 
increasing DNAse concentrations (fig. 7). Apparently the labelled 
DNA regions are at a remote position from the G= attachment 
sites. 
We conclude from these experiments that a DNA site at or close 
to the origins of replicons remains attached to the matrix in the 
G2 phase, while the attachment of replication points is released 
after completion of the replication. This conclusion was 
supported by the results of a final experiment. An unlabelled 
Plasmodium was pulse labelled with [3H] thymidine at the begining 
of the S phase and a second time with [1*C] thymidine 100 to 115 
minutes after metaphase. The label was then chased in the usual 
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way and the label distribution was analysed again in the late G^ 
phase. As shown in fig. θ the label incorporated in the late S 
phase was more rapidly removed by the DNAse treatment than label 
incorporated during the initiation of DNA synthesis. 
¿0 60 
% DNA ATTACHED 
^ 4 0 
С ATTACHED 
Figure 7. The detachment of the termination sites after the 
replication. 
Pre-labelled Plasmodia were pulse labelled with [3H]dThd from 90 
to 100 (o) and 100 to 110 (·) minutes after metaphase and chased 
until 6 hours after metaphase. Nuclear lysates were then analysed 
as described in fig. 5. 
Figure 8. Different release of 
by digestion with DNAse. 
An unlabel led Plasmodium was pu 
after metaphase with 200 jaCi/ml 
minutes after metaphase with 10 
was then chased into the subseq 
metaphase) and the nuclear lysa 
with DNAse. The percentages of 
associated with the matrix were 
4. The dashed line indicates th 
with random attachment sites. 
early and late pulse labelled DNA 
Ise labelled from 0 to 10 minutes 
PHJdThd and from 100 to 115 
pCi/ml ["»CJdThd. The Plasmodium 
uent Ga phase (6.5 h after 
tes were analysed by digestion 
[-Ή] and [1'*C] label remaining 
investigated as shown in figure 
e result that should be obtained 
This supports the conclusion that termination sites are remote 
from the attachment sites. 
DISCUSSION 
A residual protein structure, usually named nuclear matrix, 
can be obtained from isolated cell nuclei by extraction with 2 M 
NaCl [1-4]. In careful preparations almost 100% of the nuclear 
DNA remained associated with the nuclear matrix [6-8]. Graded 
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digestion of the complex by DNAse has revealed that, after a 
short pulse label, the radioactivity is preferentially localized 
in the matrix associated DNA regions [6-12]. This is indicated by 
the increase of the [-'nH/14C] ratio which is observed when the 
[14C] dThd prelabelled and [3H] dThd pulse labelled DNA-protein 






Figure 9 Diagram showing how the DNA released from the matrix by 
DNAse digestion depends on the binding conditions. 
A DNA loop between 2 origin binding sites (·) is shown shortly 
after the initiation of replication (A and C) and in Ga phase 
(B). At the end of the pulse (A) the label, indicated by dots, is 
confined to the parts between the origin and replication binding 
sites (ο), but owing to post-pulse incorporation it extends 
beyond this region in the Gc and subsequent S phase (B and C) . 
Random breaks by DNAse are represented by discontinuities. A 
limited DNAse digestion leads to a preferential release of poorly 
labelled, distal parts of the loop. The relative amount of pulse 
label in the attached residues is highest in case A because the 
release of pulse label requires at least 2 discontinuities 
between the attachment sites Pulse label will not be released by 
a single stranded dicontinuity in the pulse labelled DNA region 
in case A and С but it will be released in the Ga phase (case B) 
or late S phase (not shown). In addition the apparent enrichment 
in case В and С will be reduced owing to the release of 
post-pulse label. 
A higher ratio increase, up to 12, was observed when the pulse 
duration was reduced to 2 minutes. This is in agreement with 
previous results [8,12] and according to the theory [10]. 
Actually, the higher ratios observed at the onset of the S phase 
(fig. 6) ,are also due to at least in part, to shorter 
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incorporation times This is because the Plasmodia, although 
exposed to the label for 10 minutes, start with the replication 
about half way this time or even later. 
The possibility that the association results from artificial 
precipitation of nascent DNA to the matrix can be disregarded as 
shown previously. Purified native DNA and denatured DNA, added to 
the nuclei 15 minutes prior to the 2 M salt treatment does not 
become bound to the matrix [6,7,9]. The non-specific attachment 
of some hypothetical replication complex is also unlikely because 
there is no evidence for the existence of such a salt resistant 
complex independent of the matrix. Also it has been shown that 
Okazaki fragments hydrogen bonded to parental DNA can be excised 
from the fork region by single stranded specific nuclease. The 
same results are obtained with isolated nuclei and with the salt 
resistant DNA-matrix complex [8,33]. Although the possibility of 
an artifact cannot be excluded with absolute certainty, we do 
not consider it to be a realistic possibility. 
The experiments described above show that the binding of 
replication forks exist during the entire S phase [12]. This 
implies that the matrix contains specific binding sites through 
which the DNA molecules move during replication. Such a movement 
has been illustrated by autoradiography [10,11]. The data 
presented here also indicate that the DNA is released from the 
replication binding sites after completion of the DNA synthesis 
but, owing to additional binding, remains still associated with 
the matrix. This is concluded from the observation that the label 
incorporated at the end of the S phase is initially enriched in 
the matrix attached DNA regions, but can be preferentially 
detached from the matrix-DNA complex by graded DNAse digestion 
after a chase into the 6= phase. Apparently the label is now at a 
position remote from the binding site, for example at the distal 
part of the loop shown diagrammatically in fig. 9B. This means 
that the additional binding sites are located at a certain 
distance from the termination sites of consecutive replicons, 
possibly at their origins. 
A major difference between the two types of binding is that 
binding of the fork region is transient and therefore random, 
while origin binding, by definition should be non-random and most 
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probably permanent Non-random binding of the DNA has also been 
inferred from the observation that alpha, beta and gamma globin 
gene loci are at distinct distances from the attachment sites 
[34] It is further supported by the predominance of middle 
repetitive nucleotide sequences in the matrix associated DNA 
regions [35]. There is also circumstancial evidence for a 
relation between the distribution of the binding sites and the 
organization of the genome: 1) in 3T3 cells the DNA loops 
emerging from the residual nuclear structure are close to 90,000 
base pairs [11], which is about the length of replicons [36]. 2) 
In mammalian cell nuclei estimates of domains between chromatin 
attachment sites are in the range of replicón size [37]. 
Interestingly, mammalian chromosomes partially deproteimzed by 2 
M NaCl treatment a'lso reveal a protein scaffold to which the DNA 
is attached in such a way that the loops between attachment sites 
are of the order of replicón size [38]. These findings suggest 
that nonrep1icating DNA has one permanent binding site per 
replicón 
More direct proof of a permanent binding of replicón origins 
to the nuclear matrix is provided by the present results The 
evidence is that label specifically incorporated into the origins 
at the onset of the S phase is found preferentially in the matrix 
bound DNA regions during the 0= phase and the next S phase. The 
accessibility of the pulse label to the action of DNAse is 
considerably lower at the end of the pulse than after the chase 
The main reason for this is the binding of replication forks 
present at both ends of the pulse labelled regions. As outlined 
in fig 9 a single discontinuity in the newly synthesized part is 
not sufficient to release pulse labelled DNA. It will result, 
however, in a release of pulse label in the Gs phase because of 
the absence of a second binding close to the origin. Another 
cause for the increase of pulse label in the G-г phase is the fact 
that additional radioactivity is incorporated into the DNA beyond 
the original pulse labelled region during the chase. This 
additional label is more exposed to the action of DNAse (fig. 
9B) . 
The neighbourhood of additional binding sites after the 
initiation of the replication leads to another interesting point 
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In procaryotes, origins of replication are specific nucleotide 
sequences at which DNA synthesis is initiated in successive 
replication cycles [39] It is generally assumed that this is 
also the case in eucaryotes although evidence on this point is 
scarce. It has been shown by fiber autoradiography that DNA 
synthesis is initiated at the same site in successive replication 
cycles [49]. If this is the case label incorporated at the very 
beginning of one S phase should be temporarily less accessible to 
the DNAse action at the onset of the subsequent one, because the 
release by randomly distributed discontinuities will be less 
effective due to the presence of additional binding sites (fig 
9C) A corresponding elevation of the [3H]/[1AC] ratio in the 
residual matrix bound DNA fragments has been observed repeatedly 
Origins of replaçons which are active later in the S phase can 
not be labelled selectively. Their attachment to the matrix may 
be inferred, however, from the observation that termination sites 
of later rep 1icons are remote from the site of attachment to the 
matrix On the other hand there is some recent evidence that in 
Physarum all replication origins are initiated at the beginning 
of the S phase [41,42]. These findings, together with those on 
the length of DNA loops between successive attachment sites 
[11,37,38,43] suggest that each replicón is permanently attached 
to the nuclear matrix at its origin or a site very close to it 
Significantly, viral DNA in polyoma infected 3T6 cells is also 
attached to the nuclear matrix by origins of replication or 
adjacent regions [44]. 
We have isolated the residual DNA fragments remaining after 
extensive DNAse digestion. Their average length was 200 to 300 
base pairs. From our preliminary results it seems that the 
fragments are similar to bulk DNA in base composition and content 
of repititive nucleotide sequences. 
Our results give no evidence for a temporal or permanent 
binding of additional DNA sites, not related to the replicón 
organization. But the presence of a limited number of such 
binding sites cannot be excluded either. 
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PURIFICATION AND CHROMATOGRAPHIC SEPARATION OF NUCLEAR MATRIX 
PROTEINS OF PHYSARUM POLYCEPHALUM. 
RON J.G. OPSTELTEN and GEORG W.M. van der STAAY 
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INTRODUCTION 
Cell nuclei contain a framework structure called the nuclear 
matrix which remains when the chromatin is removed by treatment 
with micrococcal nuclease or/and 2 M NaCl [1,2]. Protein 
compositions of the matrix are very similar in various mammalian 
organisms [1,2] but differ considerably in less related groups 
[3,4]. 
DNA has been shown to be attached to the matrix at the origins 
of replication [5 - 7] and, during S phase, at the replication 
forks [8 - 11]. In order to investigate the DNA-protein 
interaction by in vitro binding experiments it is essential to 
have available matrix proteins free of contaminating DNA. 
Nucleolytic digestion only removes the DNA loops leaving the 
bound fragments associated with the matrix [5-11]. 
In mammalian cells dissociation of the DNA from the matrix 
could only be achieved by treatments which dissolve the matrix 
proteins, such as 0.5% SDS (Sodium Dodecyl Sulphate) or a 
combination of 5 M urea and 2 M NaCl [12]. We show here that the 
DNA-matrix complex of Physarum is dissociated into its components 
by treatment with 9 M urea and 2 M NaCl. in addition we describe 
the purification and partial separation of the matrix proteins by 
chromatography on hydroxyl apatite. 
MATERIAL AND METTÏODS 
Growth and labelling of Physarum Plasmodia 
Microplasmodi a of Physarum polvcephalum strain Мз,= IV were 
grown as described by Daniel and Baldwin [13]. Macroplasmodi a 
were prepared according to Güttes and Güttes [14] and labelled by 
adding 0.1 )iCi/ml [г-^С] thymidine (about 50 mCi/mmol, NEN) and 
2 ;iCi/ml [L-4,5-3H(N)] leucine (40 - 60 Ci/mmol, NEN) to the 
growth medium. Alternatively Plasmodia were labelled by addition 
of 2 jiCi/ml Ь-[3=3] methionine (800 Ci/mmol, Amersham) and 2 
jaCi/ml (meJH) thymidine (20 Ci/mmol, NEN). 
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Isolation of nuclei and preparation of the residual nuclear 
structure. 
Nuclei were isolated from macrop1asmodi a in the GÜ phase 
according to Mohberg and Rusch [15], washed twice with 4 ml 50 mM 
Tris/HCl pH 7.3 per Plasmodium and collected by centrifugation 
for 10 minutes at 1000 g. The final sediment was suspended in 10 
ml of the same buffer and an equal volume of 4 M NaCl was added 
while stirring. The resulting lysate was kept at 0 0C for 30 
minutes. It was then placed on a 10 ml 40% sucrose cushion 
containing 2 M NaCl and centrifuged for 30 minutes at 10,000 rpm 
in a Sorvall HB4 rotor. The sediment was dissolved in 4 ml 
urea-NaCl (9 M urea and 2 M NaCl in 1 mM potassium phosphate pH 
6.Θ) per Plasmodium and stored for 16 hours at room temperature. 
Sucrose gradient centrif ucration . 
29 ml 15 - 40% (and 40 - 60%) sucrose gradients in 50 mM Tris 
buffer containing 2 M NaCl were prepared on sucrose cushions 
containing 65% sucrose, 2 M NaCl and 0.4 g/ml CsCl in 50 mM Tris 
buffer pH 7.3. 
Samples of 4 ml were placed on top of the gradients and 
centrifuged at 25,000 rpm and 15 0 C in a Beekman 27-2 rotor for 
the times indicated. 
Fractions of 3 ml were collected and the acid insoluble 
radioactivities of each fraction were precipitated with 15% 
trichloroacetic acid in the presence of 1 mg/ml DNA and 2 mg/ml 
serum albumine as carriers. The precipitates were collected by 
centrifugation for 30 minutes at 3000 rpm and room temperature 
and washed twice with 70% ethanol. The final material was 
dissolved by heating for 10 minutes in 0.25 ml IN NaOH at 80 '^ C 
and the radioactivities were determined in a Philips Liquid 
Scintilation Analyser. 
Hydroxy 1 apatite chromatography. 
Hydroxy 1 apatite was equilibrated in 1 mM potassium phosphate 
buffer pH 6.8 (containing 9 M urea and 2 M NaCl) and added to the 
urea saline dissolved nuclear matrix-DNA complex (100 mg hydroxyl 
apatite per Plasmodium). The suspension was gently stirred for 1 
hour at 20 0C and filled into a glass tube of 13 mm diameter. The 
-45-
column was washed with 2 bed volumes of the same phosphate buffer 
(including urea and NaCl) and then eluted with a 30 ml gradient 
of 1 — 600 mM potassium phosphate pH 6 8 containing 9 M urea and 
2 M NaCl at a flow rate of 0.3 ml/min. Fractions were collected 
and the radioactivities were determined in a Philips LSA using a 
toluene based scintilation fluid 
SPS Polyacrylamide gel electrophoresis. 
Proteins of the matrix preparations, dissolved in urea-NaCl, 
and of the eluates obtained by fractionation on hydroxyl apatite 
were precipitated by adding 2 volumes of icecold 96% ethanol and 
storing for 4 hours at -20 '-"C. The precipitates were collected by 
centrifugation in a beekman 27-2 rotor for 16 hours at 25,000 rpm 
and 0 0C. The sediments were washed successively with 15% 
trichloroacetic acid to remove phosphafe precipitate, once with 
acidified acetone and once with plain cold acetone. The sediment 
was dried in the air and redissolved in a sample buffer 
containing 9 M urea and 3% SOS. The samples were heated to 60 "C 
for 10 minutes prior to electrophoresis Slabgel electrophoresis 
was carried out according to Laemmli [16], using a 6 - 18% 
Polyacrylamide gradient gel. The gels were stained with Coomassie 
blue. Molecular weights were estimated according to Lambin et al. 
[17,18]. 
RESULTS. 
Dissociation of the nuclear matrix DNA complex. 
The protein composition of the nuclear matrix of Physarum 
differs considerably from that of mammalian cells [3,5]. In spite 
of this difference its solubility was found to be very similar to 
the latter [12]. An efficient dissociation of matrix proteins and 
DNA was obtained by a solution of 9 M urea in 2 M NaCl as shown 
by the sedimentation pattern of fig 1. Matrix preparations 
dispersed thoroughly in 2 M NaCl without urea sedimented rapidly 
to the bottom of the gradient except for a minor fraction which 
has been released by inavoidable shear (fig. 1A). in the presence 
of urea the entire label remained on top of the gradient (fig. 
IB). The 14C labelled DNA was partially separated from the 3H 
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labelled protein upon increasing centrifugation time (fig. 1С). A 
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Figure 1. Sucrose gradient centrifugation of matrix-DNA 
complexes dissociated in urea NaCl. 
Nuclear matrix-DNA complexes were prepared from macroplasmodia 
labelled with 3 H leucine and X*C thymidine. Sample A was 
dispersed in 50 mM Tris / HCl, 2 M NaCl buffer pH 7.3 and 
centrifuged through a 15 - 40% sucrose gradient (containing 2 M 
NaCl) for 1 hour. Samples В and С were dissolved in 1 mM 
potassium phosphate buffer pH б.8 containing 9 M urea and 2 M 
NaCl and centrifuged through a 40 - 60% sucrose gradient for 1 
hour (B) or 16 hours (C). Sedimentation is from right to left. 
Figure 2. Hydroxyl apatite chromatography of nuclear matrix-DNA 
complexes dissolved in urea-NaCl. 
Nuclear matrix-DNA complexes prepared and dissolved in 
urea-NaCl as described in fig. 1. were separated on hydroxyl 
apatite using a 1 - 600 mM phophate gradient. 
Purification of the matrix proteins by hydroxyl apatite 
chromatography. 
MacGillivray et al. [19] have shown that purification and 
partial fractionation of nuclear proteins can be obtained by 
chromatography on hydroxyl apatite. We found that after 
dissociation by 9 M urea - 2 M NaCl more than 97% of the matrix 
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associated DNA became bound to hydroxy 1 apatite and was e luted in 
a phosphate concentration range of 340 to 420 mM (fig. 2). The 
tighter binding as compared to other reports [20,21] appeared to 
be due to the presence of urea. Of the 3H labelled material only 
60% became bound to the hydroxyl apatite at 1 mM phosphate 
concentration. The unbound label remained in solution when 
applied to a second batch of urea-NaCl equilibrated hydroxyl 
apatite. The major part of the absorbed 3 H label was eluted at 70 
to 120 mM phosphate concentration and a minor amount was 
co-eluted with the 1*C labelled DNA. The separation between 
protein and DNA was insufficient when NaCl was omitted from the 
eluant and/or when the urea concentration was reduced to less 
than 6 M. 
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Figure 3. Hydroxyl apatite column chromatography of the 
nuclease treated matrix preparation dissolved in urea-NaCl 
Matrix-DNA complexes were prepared and dissolved in urea-NaCl 
as described in fig. 1 The solution was dialysed during 16 
hours against 3 changes of 2 liters 50 mM Tris buffer pH 7.3 
containing 1 mM CaCb. One half of the sample was digested with 
15 units/ml micrococcal nuclease for 30 minutes at 37 "C (B). 
The other half was incubated in the same way without enzyme 
(A). Both samples were precipitated with 2 volumes 96% ethanol 
The precipitates were collected by centnfugation, redissolved 
in urea-NaCl and chromatographed as described in fig. 2. 
In order to find out wether the ^H label co-eluted with DNA 
represents protein, we digested the matrix DNA sample with 
















































material with 70% ethanol prior to separation on hydroxyl 
apatite. As shown in fig. 3 both 1 ЛС and 3H label disappeared 
from the 340-420 mM phosphate range, there was no increase of 3 H 
label in other fractions. Apparently, the -*Н label has become 
acid soluble together with DNA by the nucleolytic digestion. 
A likely conclusion from the preceding experiment is that 
leucine has been partially degraded and the intermediates have 
been reused for the synthesis of DNA precursors. Therefore we 
digested the matnx-DNA preparations with proteinase К and 
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FicTure 4 Hydroxyl apatite column chromatography of proteinase 
К treated nuclear matrix preparation dissociated in urea-NaCl. 
Nuclear matnx-DNA complexes were prepared and dissolved in 
urea-NaCl as described in fig. 1. The solution was dialysed 
during 16 hours against three changes of 2 liters 50 mM Tris 
buffer pH 7.3. One half of the sample was digested with 50 
ug/ml proteinase К for 90 minutes at 37 C,C (B). The other half 
was incubated in the same way without enzyme (A). Both samples 
were then precipitated with 2 volumes of 96% ethanol. The 
precipitates were collected by centrifugation, redissolved in 
urea-NaCl and chromatographed as described in fig. 2. 
The proteolytic digestion caused a strong loss of labelled 
proteins in the 70 to 120 mM phosphate range but had no effect on 
the ^H counts associated with the DNA fraction (fig. 4). 

















originating from leucine might be incorporated into DNA and most 
likely other cellular compounds as well by metabolic conversion, 
we used " S methionine and 3H labelled thymidine to label 
respectively protein and DNA. Almost 100% of the 3 H label and 40% 
of the 3=S label were absorbed to the hydroxy 1 apatite. All 3Н 
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figure 5. Hydroxyl apatite column chromatography of nuclear 
matrix-DNA preparations labelled with 3=S methionine and 3 H 
thymidine. 
Matrix-DNA complexes were prepared from « S methionine and 3 H 
thymidine labelled Plasmodia and chromatographed on hydroxyl 
apatite as described in fig. 2. 
Figure 6. SDS-polyacrylamide gel electrophoresis of nuclear 
matrix proteins fractionated by hydroxyl apatite column 
chromatography. 
Nuclear matrices were obtained and dissolved in urea-NaCl as 
described in fig. 1. The sample was applied to hydroxyl apatite 
in the presence of 1 mM potassium phosphate, 9 M urea and 2 M 
NaCl. The bound material was e luted in two steps of 0.25 and 0.5 
M phosphate buffer. 
Lane A. Protein sample prior to the separation on hydroxyl 
apatite. 
Lane B. Proteins not bound to hydroxyl apatite at 1 mM phosphate 
concentration. 
Lane С Proteins of the 0.25 M phosphate fraction. 
Lane D. Proteins of the 0.5 M phosphate fraction. 
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bound ""S was eluted between 70 and 120 mM phophate concentration 
(fig. 5) No ^ S label was found in the DNA containing fraction. The 
results of these experiments clearly indicate that the portion of ^H 
label associated with the DNA fraction in fig. 2 does not represent 
protein 
In all our experiments we noticed traces (up to 3%) of 
radioactivity originating from thymidine in the material not 
bound to the ion exchanger as well as that eluted at 70 to 120 mM 
phosphate concentration. This is due to partial degradation of 
thymidine and the incorporation of its break down products into 
protein and other compounds [22]. 
Analysis of the protein fraction by SDS-Polvacrylamide gel 
electrophoresis 
To investigate wether or not all proteins were recovered from 
the hydroxy 1 apatite, the polypeptide composition of the various 
eluates were compared to that of the original sample. To this aim 
the absorbed material was eluted from the ion exchanger in 2 
steps by 0.25 M and 0.5 M phosphate concentration respectively. 
Electrophoretic patterns of the various fractions are shown in 
fig 6. The polypeptide composition of the unfractionated 
matrix-DNA complex (lane A) was very similar to that described by 
Mitchelson et al. [3]. Relative molecular weights of the major 
polypeptides are 23 and 36.5 kilodalton. They are recovered in 
the protein fraction which is not absorbed to the hydroxy 1 
apatite (lane B) although the presence of two weak bands with the 
same electrophoretic mobility in the 0.25 M fraction suggest that 
some binding may occur. The same was the case with two minor 
bands of roughly 52 kilodalton molecular weights. On the other 
hand several polypeptides of various molecular weights were found 
predominantly in the fractions eluted with 0.25 M phosphate All 
polypeptides of the unfractionated matrix sample were recovered 
in two of the three fractions obtained by hydroxyl apatite 
chromatography excluding loss of proteins by the purification and 
separation No trace of protein was detected in the 0.5 M 
phosphate fraction (lane D). 
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DISCUSSION 
During the past years evidence for an important role of the 
nuclear matrix in various nuclear activities has been accumulated 
(see review by Berezney, 1984) [23]. To study molecular 
interactions involved in the various functions it is essentially 
to have available isolated matrix components. We show here that 
the matrix of Physarum can be dissociated into its components by 
9 M urea and 2 M NaCl. The polypeptide composition of this 
solution as determined by SDS Polyacrylamide gel electrophoresis 
is in agreement with that reported previously for nuclear matrix 
preparations of Physarum [3]. Significantly the solubility 
properties of the Physarum nuclear matrix are very similar to 
those of the nuclear matrix of mammalian cells in spite of the 
strong differences in protein composition. 
Protein and DNA can be separated completely by chromatography 
on hydroxyl apatite using a phosphate gradient in the presence of 
urea and NaCl. Although the distribution pattern of -H 
originating from 3H leucine might suggest the occurrence of 
protein in the DNA fractions, this possibility is excluded by 
failure to detect any protein in this fraction by 
electrophoresis. In addition, when 3 =S methionine was used as a 
protein label, no 3 =S is found in the DNA fraction Rather, from 
data of specific degradation experiments with nuclease and 
proteinase it must be concluded that 3H labelled leucine is 
incorporated into DNA after metabolic degradation of the amino 
acid into intermediates which can be used for the synthesis of 
nucleotides. The observation that a significant part of the label 
applied to the column is not recovered could also be due to 
incorporation of the degradation products into compounds other 
than protein and nucleic acid. 
Separation by hydroxyl apatite chromatography yields two 
protein fractions, one of which is not bound to the ion exchanger 
at 1 mM phosphate concentration while the other is eluted in a 
narrow range of 70 to 120 mM phosphate concentration The two 
fractions differ almost completely in their polypeptides 
composition but together they contain all the proteins present in 
the nuclear matrix. The fact that the second fraction is eluted 
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in a very narrow peak could mean that these proteins remain as 
a multimolecular complex which is bound to the hydroxyl apatite 
as a whole. 
Although the chromatography on hydroxyl apatite does not yield 
fractions of single proteins, it allows a significant 
purification of nuclear matrix proteins which can be used in DNA 
binding experiments. 
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DNA BINDING PROPERTIES OF NUCLEAR MATRIX PROTEINS 
FROM THE SLIME MOLD PHYSARUM POLYCEPHALUM 
RON J.G. OPSTELTEN. 
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INTRODUCTION 
The nuclear matrix is a residual protein structure which can 
be obtained from isolated nuclei by treatment with nonpolar 
detergents, 2 M NaCl and nucleases [1,2]. A DNA-matrix complex is 
obtained if nuclease treatment is omitted. This structure has 
been designated the nucleoid [3]. The nucleoid can be dissociated 
into its components by urea at concentrations of 5 M and above, 
indicating that the matrix-DNA binding is not covalent [4] 
Analysis of the pattern of DNA protein association has revealed 
that origins of replicona are putative sites of permanent binding 
[5,6,27] and that during replication additional binding sites 
occur at replication fork regions [5,6,8,9] Therefore, the 
matrix is considered to play a significant role in the structural 
organization of DNA in the nucleus [2,10]. 
For an understanding of this function it is important to know 
more about the interaction between the matrix and DNA. It has 
been shown that matrix proteins of mammalian cells dissolved in 
buffer containing urea and 2 M NaCl form aggregates when dialysed 
against low ionic strength buffer [4]. We have studied the 
aggregation of matrix proteins of Physarum polycephalum and 
developed a procedure to reassociate matrix proteins with DNA 
into a complex which shows features of DNA-protein interaction 
comparable to those in nucleoids prepared from nuclei. 
MATERIALS AND METHODES 
Growth and labelling of Physarum Plasmodia. 
Microplasmodia of Physarum polycephalum Мз,= І were grown as 
described by Daniel and Baldwin [11]. Macroplasmodia were 
prepared according to Güttes and Güttes [12] and labelled by 
adding 0.1 pCi/ml [2-1ЛС] Thymidine (about 50 mCi/mmol, NEN) 
and/or 2 ]iCi/ml [L^.S^HCN) ] leucine (40-60 Ci/mmol, NEN) to the 
growth medium. 
Isolation of nuclei and preparation of the residual nuclear 
structure 
Nuclei were isolated from macroplasmodia in mid 6= phase 
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according to Mohberg and Rusch [13], washed twice with 4 ml 
Tris/HCl pH 7.3 per Plasmodium and collected by centrifugation 
for 10 minutes at 1000 g The final sediment was suspended in 10 
ml of the same buffer and an equal volume of 4 M NaCl was added 
while stirring. The resulting lysate was kept at 0 "C for 30 
minutes. The residual nuclear structure was collected by 
centrifugation for 30 minutes at 10,000 rpm through a 40% sucrose 
cushion containing 2 M NaCl. Finally, the sediment containing the 
residual nuclear structure, was resuspended in appropriate 
buffer 
Preparation of nuclear matrix proteins 
Residual nuclear structures derived from two Plasmodia were 
dissolved in 2 5 ml 0.25 M phosphate buffer pH 6.8 containing 9 M 
urea and 2 M NaCl and allowed to dissociate to completion for 16 
hours at room temperature. Hydroxyl apatite, equilibrated in the 
same buffer, was added (100 mg per 100 jag DNA, assuming that one 
macroplasmodium contains 100 pg nuclear DNA). The suspension was 
gently stirred for 1 hour at room temperature and subsequently 
centrifugea for 10 minutes at 3000 rpm. The supernatant contained 
all nuclear matrix proteins without any detectable contamination 
of DNA as described in chapter 3. Protein concentration was 
determined according to Lowry et al. [14]. 
Preparation of nuclear DNA from Physarum 
Nuclear DNA was obtained from nuclei (labelled with 1^C 
thymidine) isolated during mid G= phase. Nuclei were 
resuspended in 50 mM Tris/HCl pH 7.3 and digested with 50 pg/ml 
RNAse A (Sigma) for 30 minutes at 37 0C. Subsequently one volume 
of 1% SDS containing 100 pg/ml proteinase К (Merck) was added and 
the mixture was incubated for another 90 minutes. After 
phenol/chloroform extraction the DNA was precipitated by adding 
0.1 volume 3 M sodiumacetate pH 5.6 and 2.5 volumes of 96% 
ethanol and stored overnight at -20 "C. The precipitate was 
collected by centrifugation (3000 rpm, 30 minutes), washed with 
70% ethanol, dried in the air and redissolved in sterile water. 
The DNA was further purified by banding in CsCl gradients. 
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DNA binding to nuclear matrix proteins 
Nuclear matrix proteins, dissolved in urea containing saline 
phosphate buffer were dialysed against low ionic strength buffer 
(10 mM Tns/HCl pH 7.3, 20 mM MgCb and 30 mM NaC 1 ) at 37 "C (2 
changes of 2 liters sterile buffer for 2 hours each). 
Subsequently 5 pg/ml 1 4C labelled DNA was added to the matrix 
proteins and allowed to bind for 30 minutes at 60 "C. Bound DNA 
was separated from free DNA by sucrose gradient centrifugation. 
Therefore 4 ml of incubation mixture was layered on a 29 ml 
15-40% sucrose gradient in 50 mM Tns/HCl buffer which was 
prepared on a 5 ml sucrose cushion containing 65% sucrose and 0.4 
g/ml CsCl in 50 mM Tns/HCl buffer pH 7.3. The gradients were 
centrifuged at 25,000 rpm and 15 "C in a SW 2Θ-2 rotor for one 
hour. 
Fractions of 3 ml were collected and the acid insoluble 
radioactivities of each fraction were precipitated with 15% 
trichloroacetic acid in the presence of 0.2 mg/ml salmon sperm 
DNA and 0.2 mg/ml serum albumine as carriers. The precipitates 
were collected by centrifugation for 30 minutes at 3000 rpm and 
room temperature and washed twice with 70% ethanol. The final 
material was dissolved by heating for 10 minutes in 0.25 ml IN 
NaOH at 80 0C and the radioactivities were determined in a 
Philips Liquid Scintilation Analyser. 
SPS Polyacrylamide gel electrophoresis 
Reconstituted protein-DNA complexes were collected by 
centrifugation, washed once with 96% ethanol, twice with 
acidified acetone and once with plain cold acetone. The final 
sediment was dried in the air and redissolved in a sample buffer 
containing 9 M urea and 3% SDS. The samples were heated to 60 "C 
for 10 minutes prior to electrophoresis. Slabgel electrophoresis 
was carried out according to Laemmli [15], using a 6-18% 
Polyacrylamide gradient gel. The gels were stained with Coomassie 




Bindincr of nuclear DNA to reaggregated nuclear matrix proteins 
In chapter 3 we have described a procedure for large scale 
isolation of nuclear matrix proteins of Physarum polycephalum. 
Residual nuclear structures, prepared by treating isolated nuclei 
with 2 M NaCl buffer, were dissociated in buffer containing 9 M 
urea and 2 M NaCl, and fractionated batchwise by hydroxy 1 apatite 
chromatography, yielding one fraction, containing all nuclear 
matrix proteins,without any detectable amount of DNA. 
•40 
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Figure 1. Sucrose gradient centrifugation of reconstituted 
nuclear matrix protein-DNA complexes. 
Nuclear matrix protein samples (labelled with ^H leucine), 
dissolved in urea/NaCl were dialysed against 10 mM Tris, 20 mM 
MgCls and 30 mM NaCl pH 7.3 and incubated with 14C labelled 
Physarum DNA. Subsequently the samples were analysed on a 
15-40% sucrose gradient. 
A. Nuclear matrix protein-DNA samples incubated at room 
temperature. 
B. As A, except that the samples were incubated for 30 minutes 
at 60 "C. 
C. As B, except that after incubation at 60 '^ C 1 volume of 4 M 
NaCl was added. 
Sedimentation is from right to left. 
The subsequent removal of urea and NaCl from the protein 
fractions by dialysis against low ionic strength buffer resulted 
in the aggregation of nuclear matrix proteins as shown by sucrose 
gradient centrifugation (fig.l panel A). Approximately 90% of the 
proteins entered the gradient after centrifugation for 1 hour at 
25,000 rpm, only 40% of the proteins were recovered on top of the 
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sucrose cushion indicating protein aggregates of various sizes. 
Attempts to reconstitute a DNA nuclear matrix protein complex by 
addition of 1 ЛС labelled Physarum DNA were not successful. Only 
poor DNA binding of less than 10% of total added DNA was 
observed. Inclusion of MgCla in the binding buffer, and 
increasing incubation temperature to 60 0 C enhanced DNA binding 
considerably. Under these conditions approximately 60* of the 
labelled DNA entered the sucrose gradient of which 30% was 
recovered from the sucrose cushion (fig. 1 panel B) indicating an 
interaction between DNA and protein aggregates. Addition of 1 
volume of 4 M NaCl resulted in a release of 50% of the bound DNA 
from the protein aggregates, which themselves were more or less 
stable at high salt concentrations. 
2 3 
10 20 30 1.0 SO 60 
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Figure 2. DNA binding capacity of nuclear matrix proteins. 
Samples with an increasing concentration of ^H labelled 
proteins were incubated with 5 pg/ml X*C labelled Physarum DNA 
for 30 minutes at 60 aC. After incubation the unbound DNA was 
separated from the proteins by centrifugation for 30 minutes at 
5000 rpm at room temperature. The amount of bound DNA was 
plotted as a function of the protein concentration. 
Figure 3. DNA Binding of nuclear matrix proteins as a function 
of incubation time. 
Samples of 5 цд/ті 1 4C labelled Physarum DNA and 25 μg/ml of 
nuclear matrix proteins were incubated for increasing times at 
60 0C. Following incubation the amount of l'»C labelled DNA 
bound to the nuclear matrix proteins was determined and plotted 
as a function of the incubation time. 
Similar results were obtained when nucleoids (nuclear matrices 
not treated with nuclease), dissociated in urea containing saline 
Phosphate buffer, were dialysed against Tris/MgCl^/NaCl, and 
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subsequently incubated at room temperature. Only the amount of 
bound DNA was less It should also be noticed that in the absence 
of MgCb no binding of DNA occurred (results not shown). 
In order to optimize reaction conditions, we determined 
protein concentrations at which 50% of added DNA was bound. This 
to prevent saturation of DNA binding sites Therefore 5 jug/ml 
Physarum nuclear DNA was incubated with an increasing amount of 
Physarum nuclear matrix proteins, prepared as described above. As 
shown m figure 2, a DNA/protein ratio of 5 pg/ml DNA and 25 
pg/ml protein resulted in about 50% DNA binding. Furthermore the 
effect of the incubation time on DNA binding was determined. 
Figure 3 shows that the amount of DNA binding increases during 
the first 10 minutes of incubation, prolonging incubation to 1 
hour did not increase DNA binding. Consequently all further DNA 
binding experiments were performed at conditions as determined 
above, incubation of 5 pg/ml DNA with 25 jig/ml Protein at 60 0 C 
for 30 minutes. 
Specif icty of the DNA bindincr 
The association of the DNA with the protein aggregate may have 
several causes varying from a purely physical entrapment on the 
one side to a highly specific binding on the other. Therefore, 
binding experiments have been carried out in the presence of 
different amounts of unlabel led calf thymus DNA and yeast tRNA 
respectively. Figure 4A shows that the bound DNA reaches a 
plateau of 4-5 дд/ті sample at a total DNA concentration of 10 
pg/ml. It further shows that the proportion of labelled Physarum 
DNA bound to the protein aggregate desreases reciprocally with 
increasing concentration of calf thymus DNA. The free 
exchangeability indicates that the DNA binding is not species 
specific. An exchange of DNA was also found when a preformed 
DNA-protein complex was incubated with calf thymus DNA at 60 0 C 
but not at low temperature. 
The presence of low concentrations of tRNA during the 
incubation had no significant effect on the DNA binding (figure 
4B). At concentrations above 50 pg/ml tRNA the DNA binding even 
increased to practically 100% of the added amount. Only less than 
1% of added tRNA was bound to the matrix proteins. These results 
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show that DNA is bound specifically to the reagregated matrix 
proteins. Since tRNA has both single stranded and double stranded 
regions, the specificity is not solely determined by the 
secondary structure 
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Figure 4 DNA binding competitie 
3 H labelled nuclear matrix prote 
incubated with 5 цд/ті г*С label 
increasing concentration of calf 
After incubation for 30 minutes 
were separated from bound DNA by 
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Figure 5 Stability of reconstituted nuclear matrix protein-DNA 
complexes in the presence of dextran sulphate. 
3 H labelled nuclear matrix protein samples (25 pg/ml) were 
incubated with 5 μg/ml 1*C labelled Physarum DNA for 30 minutes 
at 60 0C. Subsequently dextran sulphate was added (2 mg/ml) to 
the samples and incubation was prolonged for an other 30 
minutes at the same temperature The released DNA was then 
separated from bound DNA by centnf ugation through a 15-40% 
sucrose gradient. 
A. protein-DNA sample prior to incubation at 60 "C. 
B. As A but incubated at 60 0 C for 30 minutes. 
C. As В but treated with 2 mg/ml dextran sulphate and incubated 
for another 30 minutes at 60 nC. 
Sedimentation was from right to left. 
Dextran sulphate sensitivity of reconstituted nuclear matrices 
The stability of the reconstituted nuclear matrix protein-DNA 
complexes was examined in the presence of dextran sulphate (2 
-62-
mg/ml). The polyanion dextran sulphate was used by others to 
remove chromatin proteins from nuclear DNA [18,19]. The 
reconstituted nuclear matrix protein-DNA complexes, prepared as 
described above, were analysed on sucrose gradients. Using 
standard conditions, approximately 50% of the added DNA was bound 
to the protein aggregates (fig. 5B). In the presence of 2 mg/ml 
dextran sulphate, DNA was released from the protein aggregates. 
As shown in fig. 5C, 90% of the added DNA did not enter the 
gradient. On the other hand, an increased sedimentation rate of 
the protein aggregates was observed, compared to untreated 
nuclear matrix protein-DNA complexes (fig 5A). 
It should be mentioned that the effect, described above, was 
only observed if nuclear matrix protein-DNA complexes were 
incubated with dextran sulphate at 60 C'C. Incubation of nuclear 
matrix protein-DNA complexes with dextran sulphate at room 
temperature, also released DNA from the protein aggregates, but 
to a lesser extend. The same results were obtained with nucleoids 
incubated with dextran sulphate at 60 "C (results not shown). 
Protein composition of reconstituted nuclear matrix protein-DNA 
complexes 
As shown in figure 1 panel A, approximately 90% of the 
proteins entered a sucrose gradient, after dialysis of the 
dissociated nuclear matrix proteins against low ionic strength 
buffer 10% of the proteins remained on top of the gradient and 
appeared to be excluded from aggregation. To investigate wether a 
specific set of nuclear matrix proteins is excluded from 
aggregation, both protein fractions, sediment and supernatant 
were prepared for electrophoresis and their protein composition 
compared (fig 6) . 
Protein compositions of nuclear matrices (figure 6 lane 1) 
were similar to those described in chapter 3 and to those 
decribed by others [24]. Briefly, two major proteins with 
molecular weights of 23 and 36.5 kD and several minor proteins 
(molecular weights of 30, 52 and 68 kD) were found to be typical 
for Physarum nuclear matrices. Figure 6 lane 2 shows the protein 
composition of the protein aggregates. All proteins typical for 
Physarum nuclear matrices were recovered from the aggregates 
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(compare figure 6 lanes 1 and 2). We were not able to detect 
any difference between the two protein samples. This was also 
confirmed by examining the protein composition of the fraction 
recovered from the top of the sucrose gradient which resembles 
the protein composition of nuclear matrices and the protein 
aggregates (results not shown). 
1 2 3 4 5 





Figure 6. Gel electrophoresis of reassociated nuclear matrix 
protein-DNA complexes. 
Reassociated nuclear matrix protein-DNA complexes were analysed 
on a 6-18% Polyacrylamide slab gel containing SDS. 
Lane 1. Proteins of isolated nuclear matrices. 
Lane 2. Proteins of reconstituted nuclear matrix DNA complexes. 
Lane 3. As lane 2 except that reconstituted nuclear matrix 
protein-DNA complexes were treated with 2 M NaCl. 
Lane 4. As lane 3 except that dextran sulphate (2 mg/ml) was 
used instead of 2 M NaCl. 
Lane 5. Proteins released from reconstituted nuclear matrix 
protein-DNA complexes by 2 M NaCl treatment. 
Treatment of aggregates with 2M NaCl or dextran sulphate did 
not alter protein compositions of the aggregates (Figure 6 lanes 
3 to 5). These proteins showed similar molecular weight 
distributions as described above for nuclear matrices, indicating 




Binding of DNA to the nuclear matrix and chromosomal scaffold 
is considered to be essential for the correct untwining of the 
DNA molecules during replication and, consequently, the proper 
partition of the genome during mitosis [1,2,21]. The putative 
binding of the replication origins may also play a role in the 
control of their activation [5,6,20]. 
Attempts to isolate the protein complexes of the binding sites 
have not succeeded because of the poor solubility of the complex 
matrix structure [23,24]. Matrix proteins dissolved in urea forms 
aggregates when dialysed against low ionic strength buffer The 
aggregates contain the complete set of matrix proteins. Why a 
certain amount of proteins is excluded from aggregation remains 
unclear. Obviously this is not due to lack of specific proteins 
but may be related to modification of proteins or decrease of 
concentration of free proteins as aggregation proceeds. Although 
reconstituted nuclear matrix protein-DNA complexes can not be 
considered to reflect the elaborate ultrastructure known of the 
nuclear matrix of Physarum [23,24], binding experiments with DNA 
suggest the presence of certain structural features which may be 
effective in the DNA matrix interactions in the nucleus 
Furthermore, it is of interest to notice that nuclear matrix 
proteins form aggregates in low ionic strength buffer. Addition 
of 2 M NaCl does not alter the composition of the aggregates. 
This observation provides evidence for the fact that the internal 
nuclear matrix is not formed during high salt treatment of 
isolated nuclei as often asumed by others. 
Preformed protein aggregates did not reveal any DNA binding 
activity when mixed with DNA, even if the sample is heated to 60 
0 C or if МдСІг is added at room temperature. However, a large 
proportion (up to 60%) of the added DNA became bound by heating 
the sample to 60 0C in the presence of МдСІз for 5 minutes or 
longer. Obviously some unfolding and/or specific redistribution 
of proteins is required to allow interaction with DNA. A similar 
treatment has been successfully employed to reconstitute 
functional ribosomal subumts from their dissociated components 
[25,26]. 
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The binding sites appeared to be specific for DNA as there is 
no competition with tRNA which is also bound although to a lesser 
degree. Actually the DNA binding appeared to be enhanced in the 
presence of tRNA at concentrations of 0.1 mg/ml or more. This may 
imply that the structural changes accompanied with the binding of 
tRNA facilitate the DNA matrix interactions. Significant amounts 
of RNA have been found to be present in nucleoids of Physarum and 
mammalian cells, possibly as a residual RNP fraction (24]. 
The binding is not specific for Physarum DNA as can be 
inferred from competition experiments which shows that less 
Physarum DNA is bound at increasing concentration of competitor 
DNA. A saturation level of 40 to 50 pg calf thymus DNA was 
reached at a protein concentration of 250 pg, suggesting that 
there is a limited number of binding sites available. 
The binding in the artificial DNA protein complex is 
comparable with the matrix DNA interaction in nucleoids with 
regard to the resistance towards 2 M NaCl and the sensitivity 
towards dextran sulphate. The effect of the polyamon dextran 
sulphate may indicate that positive charges at the binding sites 
are essential for DNA binding. Taken together these results 
strongly suggest that the reassociation of DNA with the matrix 
proteins is not an arbitrary aggregation, but represents to some 
extend a reconstitution of interactions involved in the 
organization of DNA in the nucleoids and the nuclei from which 
they are derived. 
The nuclear matrix is a complex structure containing a 
pore-complex lamina, an internal fibrous material (usually 
referred to as internal matrix) and a residual protein structure 
of the nucleolus [1,21,23,24]. From the spatial reorganization 
during mitosis of Physarum it must be concluded that the internal 
matrix is the site of permanent attachment of replication 
origins. This is compatible with observations on protein 
compositions of chromosome scaffolds and interphase nuclear 
matrices in mammalian cells, suggesting that only a limited set 
of the matrix proteins is involved in the DNA binding [2]. 
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Introduction 
Cell nuclei contain a 2 M NaCl resistant protein structure 
called the nuclear matrix The matrix consists of three 
structural elements: the lamina with residual pore complexes, 
internal filaments and a more dense residual nucleolar structure 
[1,2] The intranuclear protein filaments are considered to 
contain sites for the permanent binding of replication origins 
[3-7]. Because of the coincidence of the transition of origins 
from an inactive to an imtiatable state with drastic structural 
rearrangments of the intranuclear matrix during mitosis it has 
been suggested that specific protein-DNA interactions at the 
binding sites may be involved in the regulation of DNA 
replication [7]. 
It has further been shown that during replication DNA is 
attached to the matrix by an additional region, most likely just 
behind the replication fork [8] This is a reversible interaction 
in the sense that the DNA is released and rebound sequentially 
along with the progression of the replication fork. 
For the elucidation of these two functions it is important to 
understand the molecular interactions at the binding sites and 
their alteration during the cell cycle. However, all attempts to 
isolate separate components of the matrix have failed so far, and 
release of the bound DNA regions has only been achieved at 
conditions which cause a complete destruction of the isolated 
matrix, such as 9 M urea in the presence of 2 M NaCl [9], sodium 
dodecyl sulphate or proteolytic digestion [10-12]. In chapter 4 
we have demonstrated that dissociated nuclear matrix proteins 
formed aggregates in low ionic strength buffer that to some 
extent resemble the protein composition of the nuclear matrix. 
The reassembled nuclear matrices revealed DNA binding properties 
under appropriate conditions. In this chapter we have further 
identified DNA binding matrix proteins by blotting experiments. 
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MATERIALS AND METHODES 
SPS Polyacrylamide gel electrophoresis of Phvsarum nuclear matrix 
proteins 
Nuclear matrix proteins were isolated and chromatographed as 
described in chapter 4 Matrix proteins recovered from the 
hydroxyl apatite were precipitated from the saline phosphate 
buffer by addition of two volumes of 96% ethanol and stored at 
-20 C,C overnight. The precipitates were collected by 
centrifugation in a SW 28-2 rotor for 2 hours at 25,000 rpm and 4 
"C. Subsequently the precipitates were washed with 25% 
trichloroacetic acid to remove phosphate precipitates, once with 
96% ethanol, twice with acidified acetone and once with plain 
cold acetone. The final sediment was dried in the air and 
redissolved in a sample buffer containing 9 M urea and 3% SDS. 
The samples were heated to 60 0C for 10 minutes prior to 
electrophoresis. Slabgel electrophoresis was carried out 
according to Laemmli [13], using a 6-18% Polyacrylamide gradient 
gel. The gels were stained with Coomassie blue. Molecular weights 
were estimated according to Lambin et al [14,15]. 
DNA binding experiments with nuclear matrix proteins separated by 
e lectrophoresis 
Physarum nuclear DNA, isolated as described in chapter 4, was 
labelled by nick translation as described by Rigby et al [16] 
using 3=P dCTP (spec. act. 3000 Ci/mmol, Amersham) as labelled 
nucleotide. Nuclear matrix proteins separated by SDS 
Polyacrylamide gel electrophoresis were transferred to 
nitrocellulose membranes (Schleicher and Schuil, pore size 0.45 
pm) in 25 mM Tris, 192 mM Glycine buffer pH 8.3 including 20% 
methanol as described by Towbin et al [17]. Protein transfer was 
carried out overnight in a Biorad Transblot Cell at 30 Volts 
Subsequently the nitrocellulose membrane was washed for 2 hours 
with standard binding buffer (SBB· 1 mM EDTA, 10 mM Tris/HCl, 50 
mM NaCl, 0.02% Ficoll, 0.02% polyvinyl pyrolidone and 0 02% 
bovine serum albumine pH 7.0) according to Bowin et al [18]. 
Finally the membrane was put in a plastic bag (seal a meal) and 
sealed after addition of 10 ml SBB containing 2 pg 3 =P labelled 
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DNA. After incubation for three hours on a rotating platform 
(fixed under an angle of 45") the membrane was removed from the 
bag and washed 3 times for 20 minutes in SBB. Subsequently, the 
membrane was dried in the air and covered with a X-ray film 
(Fuji, RX.Safety) and exposed for appropriate times. Proteins 
immobilized on nitrocellulose membranes were stained with india 
ink according to Hancock [19]. 
Results 
Electrophoretical separation and transfer to nitrocellulose 
membranes of nuclear matrix proteins of Physarum polycephalum 
Physarum nuclear matrix proteins were prepared as described 
and separated on 6-18% Polyacrylamide gradient gels containing 
SDS [13]. The protein composition of nuclear matrices of Physarum 
was essentially the same as described by others [20,21]. Briefly 
two major polypeptides with molecular weights of 23 and 36.5 kD 
and a set of minor proteins with molecular weights of 30, 52 and 
68 kD were found in all our matrix preparations. 
After electrophoretical separation of the nuclear matrix 
proteins the gels were immédiatly washed in transfer buffer for 
no longer than 10 minutes. The short washing time was chosen to 
reduce diffusion of polypeptides in the gel to a minimum. On the 
other hand, prolonging washing time affected the reproducebility 
of the protein transfer. The latter seems to be due to the 
removal of SDS from the gel which causes the nuclear matrix 
proteins to aggregate. 
Transfer of proteins from the gel to the nitrocellulose 
membrane was performed electrophoretically in transfer buffer 
containing 20% methanol. Although the addition of methanol did 
not increase the amount of protein transfer, it resulted in a 
higher resolution of protein banding on the membrane (results not 
shown). 
After transfer of proteins the gel and the membrane were 
stained to examine the transfer efficiency (figure 1). The 
majority of the proteins was removed from the gel, except some 
proteins with molecular weights less than 42 kD (lane 1). 
Comparing the protein distribution on the membrane with the 
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original gel shows that all proteins were recovered on the 
nitrocellulose membrane (figure 1 lanes 2 and 3). A second 
membrane placed behind the first one during transfer did not 
contain any detectable amounts of polypeptides as judged by india 
ink staining. The same result was obtained when a membrane was 
placed on the opposite site of the gel. In spite of a possible 
difference in affinity of polypeptides for india ink and 
Coomassie blue, it is obvious from these results that protein 
transfer is complete, although some loss of proteins cannot be 
excluded. 
Three protein fractions respectively cytoplasmic, chromatin 
and nuclear matrix proteins, were isolated and 
electrophoretically separated on Polyacrylamide gels. 
Subsequently proteins were transferred to nitrocellulose 
membranes and incubated with ""P labelled Physarum nuclear DNA. 
DNA binding proteins in all fractions were examined using 
different binding conditions. 
DNA binding properties of cytoplasmic proteins 
Figure 2 lane 1 shows a Coomassie stained gel of cytoplasmic 
proteins from Physarum. Numerous protein bands were found in the 
molecular weight range less than 60 kD. Besides several weakly 
stained protein bands, some major protein bands were found at 
positions coinciding with molecular weights of 44 and 55 kD. The 
44 kD protein is probably actin [22,23]. Incubating cytoplasmic 
proteins, immobilized on nitrocellulose membranes with 3 = P 
labelled nuclear DNA revealed several DNA binding proteins 
(figure 2 lane 2). Due to the excessive binding of labelled DNA 
to proteins with molecular weights less than 60 kD, only labelled 
bands coinciding with 44 kD and 55 kD proteins could be clearly 
distinguished. Increasing the NaCl concentration in the washing 
buffer from 50 mM to 100 mM NaCl resulted in the loss of label 
from the membrane (figure 2 lane 3), apparently removing weakly 
bound DNA due to poor contact between proteins and DNA molecules. 
Further increase of NaCl concentration in the washing buffer to 
200 mM NaCl releases large amounts of label. Figure 2 lane 4 
shows several DNA binding proteins with molecular weights of 22, 







Figure 1. Transfer of nuclear matrix proteins to nitrocellulose 
membranes. 
Nuclear matrix proteins were separated by SDS Polyacrylamide gel 
electrophoresis and subsequently transferred to nitrocellulose 
membranes. 
Lane 1. Coomassie blue stained gel prior to protein transfer. 
Lane 2. Coomassie blue stained gel after protein transfer. 
Lane 3. Nitrocellulose membrane obtained from the gel of lane 1, 
stained with india ink. 










asrrt-ic p r o t e i n s of Physarum po lye lyacrylamide gels and transferre 
nes by electroblotting. The blot 
ed Physarum nuclear DNA and wash 
(SBB) containing different NaCl 
Stained gel containing cytopla 
autoradiograph of a nitrocellu 
the gel of lane 1 incubated wi 
DNA. The blot was washed with 
Lane 3. As lane 2 except that SBB cont 
for washing. 
Lane 4. As Lane 2 but washed with SBB 
Lane 5. As lane 2 except that SBB cont 
used. 
ephalum were separated on 
d to nitrocellulose 
s were incubated with :BœP 
ed with standard binding 
concentrations. 
smic proteins. 
lose membrane obtained from 
th ^ P labelled Physarum 
SBB containing 50 mM NaCl. 
aining 100 mM NaCl was used 
containing 200 mM NaCl. 
aining 500 mM NaCl was 
-74-
molecular weights less than 20 kD. 
DNA bindin<7 properties of chromatin proteins 
Chromatin proteins were prepared by extracting isolated nuclei 
with buffer containing 2 M NaCl, and analysed by gel 
electrophoresis (figure 3 lane 1). Numerous polypeptides were 
detected by Coomassie blue staining of the gel. In particular, 
polypeptides showing banding patterns on SDS Polyacrylamide gels 
which resemble those described for histones [24,25] were found in 
all preparations. Also a 44 kD polypeptide was found which was 
also present in the cytoplasmic fraction and apparently is actin 
[22,23]. 
Several labelled bands were observed after incubating 
nitrocellulose membranes containing chromatin proteins with ^"P 
labelled DNA. When blots were washed with SBB, label was 
predominantly found at positions which coincide with Physarum 
histones. Furthermore, label was detected at regions coinciding 
with 62, 44, 37, 28 and 25 KD relative molecular weights and at 
several less defined positions (figure 3 lane 2). Increasing NaCl 
concentrations during washing to 100 or 200 mM (figure 3 lane 3 
and 4 respectively) causes release of label from the 
polypeptides. Distinct labelled bands were now predominantly 
detected at positions coinciding with proteins of 62, 44, 37, 28 
and 25 kD, as well as proteins resembling Physarum histones. It 
should be emphasized that label was also released from a position 
on the gel where Physarum histone HI was located (molecular 
weight is 37 kD). A further increase of NaCl concentration up to 
500 mM during washing released the majority of the label from the 
membrane. Only faint labelled bands were detected on position 
where histones were observed and also at positions of 44, 28 and 
25 kD. 
Characterization of DNA binding· nuclear matrix proteins 
Figure 4 lane 1 shows the protein distribution of Physarum 
nuclear matrix proteins obtained by centrifugation of isolated 
nuclei treated with 2 M NaCl. Stained polypeptide bands were 
predominantly found at positions as described above. After 
transfer of proteins to nitrocellulose membranes and incubation 
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with -'Ρ labelled nuclear Physarum DNA, several labelled bands 
were found on the blot coinciding with molecular weights of 87, 
68, 54, 52, 44, 36 5, 32, and 23 kD. A high affinity to Physarum 
DNA was observed for proteins with relative molecular weights of 
54 and 52 kD Washing blots with SBB containing 100 mM NaCl 
releases some label from the membrane but did not changes label 
distribution significantly (figure 4 lane 3). Although label was 
released from all proteins, only labelled bands in the 25 to 36 
kD region disappeared. Increasing NaCl concentration to 200 mM 
resulted in an uniform release of label from the proteins. Label 
was almost completely removed from a 87 kD and a 23 kD protein. 
When blots were washed with SBB containg 500 mM NaCl almost al 
label was removed from the membrane. 
Specificity of the DNA binding by individual matrix proteins 
In view of the above described results on DNA binding nuclear 
matrix protein and results on DNA binding to reaggregated nuclear 
matrices proteins as described in chapter 4 we also studied the 
effect of RNA and DNA binding to individual matrix proteins. To 
this aim binding experiments were performed in the presence of 
excess yeast tRNA and calf thymus DNA. Figure 5 shows that the 
binding of ^ P labelled Physarum DNA was reduced to negligible 
amounts in the presence of 100 pg/ml calf thymus DNA indicating 
free competition of both types of DNA for the binding sites. In 
contrast, the presence of the same concentration of tRNA had no 
effect on the DNA binding by the 52 and 68 KD polypeptide bands. 
Binding of DNA to other polypeptides and background was reduced 
to varying extents (lanes 1 to 3). 
Similar effects were noticed when blots with bound DNA were 
washed with binding buffer containing DNA or RNA. Practically the 
entire labelled DNA was removed by washing with 100 pg/ml DNA 
containing solution, suggesting a free exchangebility of the 
bound DNA. On the other hand, washing with tRNA containing 
binding buffer caused no, or only a minor release of the DNA 
(Figure 5 lanes 4 and 5). In a final experiment blots were 
incubated with 100 μg/m\ yeast tRNA or calf thymus DNA prior to 
DNA binding. In both cases DNA binding was highly efficient 
(figure 6). These results indicate a preferential binding of DNA 
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by the 37, 52 and 68 KD polypeptides and a free exchangebi1ity of 
the DNA with DNA of different origin 
Discussion 
It was the aim of the present study to examine nuclear 
DNA-protein interactions Previous studies and those described in 
chapter 4 have largely delt with DNA binding properties of total 
nuclear matrix protein preparations and did not provide any 
information about single DNA binding proteins [26]. To accomplish 
the latter, we first separated nuclear matrix proteins by gel 
electrophoresis and subsequently transferred proteins to 
nitrocellulose membranes by electroblotting. 
In order to obtain reproducible protein transfer, modification 
of the previously described method [18] was necessary. Prior to 
blotting gels were washed for a minimum of time, to limit loss of 
SDS from the protein surface. The latter is essential for proper 
transfer of nuclear matrix proteins, scince nuclear matrix 
proteins tend to aggregate in the absence of SDS. Furthermore, in 
the presence of SDS, proteins behave like negatively charged 
molecules, providing an unidirectional transfer. Addition of SDS 
to the blot buffer is not recommanded, scince this causes air 
bubbles which disturbes protein transfer. 
Our experiments have clearly demonstrated an affinity of 
cytoplasmic proteins to nuclear DNA. Although a functional role 
for DNA binding cytoplasmic proteins is not apparent, one might 
argue that all functional DNA binding nuclear proteins were 
synthesized in the cytoplasm Furthermore, ribosomal proteins, 
which are found in the cytoplasm in large amounts, do have 
nucleic acid binding properties. On the other hand, contamination 
of the cytoplasmic protein fraction with nuclear proteins, caused 
by leaking during nuclear isolation, seems plausible. However, a 
comparable label distribution on membranes containing cytoplasmic 
or nuclear proteins was not observed. 
Chromatin proteins, prepared by salt extraction of isolated 
nuclei, have a high affinity for nucleic acids. In particular DNA 
binding properties of histones have been the subject of many 
reports [25]. 
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Since we were interested in attachment of DNA origins and 
replication forks to the nuclear matrix, we have focussed our 
attention mainly to DNA binding by nuclear matrix proteins 
Results from blotting experiments showed that four of the matrix 
polypeptides have strong DNA binding properties. One of them is a 
major polypeptide of 36.5 kD apparent molecular weight. The 
others are less prominent polypeptides, two of them close to 52 
kD and one close to 68 kD The specificity of the DNA binding to 
all of them is evident from the lack of interference by RNA: 
Presence of an excess of RNA during the binding reaction has no 
significant effect on the DNA binding by the four proteins, nor 
is the binding efficiently affected by the incubation in RNA 
containing binding buffer before or after the binding experiment. 
The binding to all four polypeptides differs from the binding 
to protein aggregates as described in chapter 4 and by Comings 
and Wallack [26], by its instability at NaCl concentrations of 
0.5 M and above. It indicates a major participation of ionic 
interactions, although the strong preference for DNA against RNA 
suggests the involvement of other types of interactions as well. 
The stronger binding of DNA to the protein aggregates could be 
explained by assuming a cooperative reaction of two or more 
polypeptides. However, at the present state of the studies it 
cannot be excluded that the reduced binding strength is the 
consequence of the strong denaturing effect of dodecyl sulphate 
used in the electrophoretic separation. 
There is no noticable involvement of DNA sequence specificity 
in the binding. This can be inferred from binding of DNA 
sequences of different origin. The lack of sequence specificity 
might also explain the competitive binding of calf thymus DNA. It 
is in agreement with the observation that matrix-bound DNA 
regions in mammalian cells [27] are not enriched by specific 
sequences. 
Aspecific DNA-protein interaction is prerequisite for the 
attachment of replicating DNA scince the bound region is 
considered to change along with the movement of the replication 
fork [8,10]. It is not clear at present what determines the 
permanent binding of replication origins [3-6,28]. There is some 
recent evidence that starting points for replication may not be 
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identified by specific base sequences [29]. A tentative 
alternative is that initiation is directed by the site of 
attachment to the nuclear matrix. The attachment may also have a 
regulatory function in so far as replicón origins loose their 
initiatibility after replication and regain it in general in late 
prophase. The possibility must therefore be envisaged that the 
reactivation is structurally related to conformational 
alterations which the matrix undergoes in mitosis [7,30]. 
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CHAPTER 6 
CHARACTERIZATION OF NUCLEAR MATRIX PROTEINS FROM THE SLIME 
MOLD PHYSARUM POLYCEPHALUM. 
RON J.G. OPSTELTEN and JELLE EYGENSTEYN 
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Introduction 
It is now generally accepted that nuclei contain a protein 
framework which is called the nuclear matrix [1,2] that can be 
obtained by extensive digestion of isolated nuclei, deprived of 
their membranes, with RNases and DNases, and a subsequent 
treatment with 2 M NaCl 
The nuclear matrix consists of a peripheral protein layer 
called the nuclear lamina, a fibrous internal network, usually 
referred to as the internal matrix, and remnants of the 
nucleolus.Electron microscopic analysis [3-5] and biochemical 
characterization [6-8] of the matrix have revealed that the 
internal matrix contains the sites for attachment of replication 
forks [9] and the replication origins [10-13]. Several other 
functional aspects of the nuclear matrix have been suggested, for 
example RNA processing [14.15] Nowadays, the nuclear matrix is 
supposed to play a role in several nuclear events, which at the 
present time are difficult to understand without assuming the 
involvement of a scaffold like structure to support the spatial 
organization of nuclear DNA. 
Protein analysis of the nuclear matrix has been mainly 
concentrated on the nuclear lamina In mammalian cells it usually 
consists of three dominant proteins, lamins А, В and C, varying 
in molecular weights between 60 and 72 kD [16-18]. Less attention 
has been paid to the internal matrix, obviously due to 
conflicting experimental results [28,29]. 
In order to understand the functional aspects of the nuclear 
matrix, a more detailed study on the protein composition of the 
nuclear matrix of Physarum polycephalum was performed. The 
nuclear matrix of Physarum was previously described by Mitchelson 
et al [19] In continuation of this study we present here 
results of analysis of residual nuclear structures isolated under 
different conditions. Besides the usual preparations, including a 
2 M NaCl extraction, we used low ionic strength buffers to 
isolate residual nuclear structures. Our results clearly 
demonstrate that similar protein compositions, are obtained by 
these procedures. 
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Materials and Methods 
Growth of Physarum Plasmodia and isolation of nuclei 
Macroplasmodia of Physarum polycephalum were grown and nuclei 
isolated as described in chapter 4. 
Preparation of residual nuclear structures 
Residual nuclear structures were prepared according to several 
experimental procedures. Isolated nuclei were either treated with 
2 M NaCl, or 2 mg/ml dextran sulphate (Sigma) Subsequently 
residual nuclear structures were collected by centrifugation for 
30 minutes at 10,000 rpm. Alternatively, residual nuclear 
structures were prepared by digestion of nuclei with 20 units/ml 
DNase I (Sigma) for 1 hour at 37 0C or with 100 units/ml 
Micrococcal nuclease (Boehnnger) for 1 hour at 0 0C. The 
resulting nuclear structures were collected by centrifugation for 
5 minutes at 4000 rpm Finally the pellets were washed and 
resuspended in 50 mM Tns/HCl buffer pH 7.3. 
Phosphodiesterase treatment of residual nuclear structures 
Residual nuclear structures, prepared by 2 M NaCl extraction, 
as described above, were incubated with 15 units/ml 
phosphodiesterase I (Sigma) for 90 minutes at 37 0C. Finally, 
digested nuclear structures were collected by centrifugation (10 
minutes at 4000 rpm) and washed once with 50 mM Tns/HCl buffer 
pH 7.3. 
SPS Polyacrylamide crei electrophoresis of nuclear proteins 
Residual nuclear structures, derived from 3 macroplasmodia, 
were precipitated by adding 2.5 volumes of 96% ethanol to the 
nuclear sample. The precipitates were collected by centrifugation 
and washed once with acidified acetone and twice with plane cold 
acetone. Finally protein sediments were dried under vacuum and 
dissolved in 750 μΐ desti lied water containing 9 M urea and 10 mM 
DTT (dithiothreitol) and stored at -20 0C. Prior to 
electrophoresis, 1/4 volume of 0.2 M Tns/HCl buffer pH 6.8 
containing 50% glycerol, 10% SDS and 0.005% Bromophenol Blue was 
added. 
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Nuclear proteins were separated on 6-18% or 10-18% 
Polyacrylamide gradient gels containing SDS according to Laemmli 
[20] After the dye migrated from the gel in the lower reservoir 
buffer, electrophoresis was continued for 20 minutes. Finally, 
the gel was stained with Coomassie blue Molecular weigths were 
estimated using the method of Lambin et al. [21,22]. 
Results 
Protein composition of Phvsarum nuclear matrices 
Residual nuclear structures obtained from Phvsarum 
polycephalum. by 2 M NaCl extraction of isolated nuclei, consist 
primarely of two proteins with relative molecular weights of 
approximately 23 and 36.5 kD (figure 1 lane 3) These proteins 
were found in all our preparations, although sometimes in 
different ratios. Incidentally, the 23 and 36.5 kD proteins were 
also found in low amounts in the chromatin fraction (figure 1 
lane 2). This is apparently due to disintegration of nuclei 
during isolation and preparation of nuclear structures Besides 
the dominant proteins, a set of minor proteins with molecular 
weights of 30, 52 and 68 kd seems to be characteristic for 
Physarum residual nuclear structures. Finally proteins with 
molecular weights less than 20 kD sometimes appeared in 
preparations of residual nuclear structures, showing a migration 
pattern which resembles those of histones (figure 1 lane 2 and 
3). Taken together, Physarum residual nuclear structures consist 
of proteins with relative molecular weights of 23, 30, 36.5, 52 
and 68 kD. Our results,as described here, are compatible with 
those obtained by others [19,23]. 
On Polyacrylamide gels containing residual nuclear matrix 
proteins, a high background staining was found which decreased 
downwards. This might be due to the presence of numerous proteins 
with different molecular weights. On the other hand one might 
assume that the background staining is caused by disintegration 
of protein aggregates in the gel, during electrophoresis. To 
distinguish between these possibilities we separated residual 
nuclear proteins on a SDS Polyacrylamide gel, cut out the lane 






Figure 1. Analysis of nuclear proteins of Physarum polycephalum 
by SDS Polyacrylamide gel electrophoresis. 
Nuclei, isolated from macroplasmodia at mid G^ phase were either 
immediately dissociated in the presence of 1% SDS, or extracted 
with buffer containing 2M NaCl. Proteins were precipitated by 
addition of 2 volumes of 96% ethanol and analysed on a 6-18% 
gradient Polyacrylamide slab gel. 
Lane 1. Protein composition of Physarum nuclei. 
Lane 2. Proteins extracted from nuclei using 2 M NaCl. 
Lane 3. Protein composition of residual nuclear structures, 
obtained by 2 M NaCl treatment of isolated nuclei. 
Figure 2. Two dimensional electrophoresis of proteins from 
Physarum residual nuclear structures. 
Residual nuclear structures were prepared by treating isolated 
Physarum nuclei with 2 M NaCl. Residual nuclear proteins were 
separated on a 6-18% gradient Polyacrylamide slab gel containg 
SDS. The lane was cut out and put on top of an identical gel and 
analysed under similar conditions. 
electrophoresis, a stained diagonal line of proteins was found 
with no stained material on both sides of the diagonal (figure 
2). This result indicates the presence of numerous proteins with 
heterogeneous molecular weights in the matrix sample. 
Light microscopic observations of residual nuclear structures, 
dissolved in 8 M urea and 1% SDS revealed the presence of nucleus 
like structures, hereafter referred to as ghosts. We were unable 
to dissociate ghost structures under these conditions, even if 
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Figure 3. Digestion of Physarum residual nuclear structures with 
phosphodiesterase I . 
Residual nuclear structures were prepared by extraction with 2 M 
NaCl. Subsequently the nuclear structures were incubated with 15 
units/ml phosphodiesterase I for 90 minutes at 37 0C. Protein 
samples were analysed on a 10-18% gradient Polyacrylamide gel. 
Lane 1. Protein composition of Physarum residual nuclear 
structures. 
Lane 2. As lane 1 but incubated with 15 units/ml 
phosphodiesterase I. 
Lane 3. Sample of phosphodiesterase I. 
they were treated with 0.1 N NaOH and 3% SDS for several hours. 
However, incubation with phosphodiesterase resulted in the 
complete disassembly of these nuclear structures, as observed in 
the light microscope. We have assumed that stained material found 
on top of the stacking gel consists of ghost structures. Figure 3 
lane 2 shows residual nuclear protein preparations incubated with 
phosphodiesterase. A decrease in background staining throughout 
the entire lane as described above was observed. On the other 
hand a slight increase of background staining on the lower half 
of the gel was found. Comparing phosphodiesterase treated 
residual nuclear proteins with untreated samples (figure 3 lane 1 
and 2) clearly demonstrates that no extra protein bands were 
obtained by phosphodiesterase treatment. However it seems to us 
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that phosphodiesterase treatment results in a better resolution 
of protein banding. Furthermore, the decrease of stained material 
on top of the stacking gel was obvious (results not shown). 
Analysis of residual nuclear strucures prepared in low ionic 
strength buffer 
In another series of experiments, chromatin proteins were 
extracted by incubating isolated nuclei with micrococcal nuclease 
( 100 units/ml at a concentration of 2x10'' nuclei/ml) in the 
presence of 0.1 mM CaCl^ (figure 4). When the digestion was 
carried out at 0 0C all 5 histones were released from the nuclei, 
when the digestion was stopped by adding EDTA (figure 4 lane 2). 
However omission of EDTA, resulted only in the release of histone 
HI and traces of core histones from residual nuclear structures 
(results not shown). Furthermore, small amounts of the 23, 30 and 
36.5 kD nuclear matrix proteins were found in this fraction, as 
well as a 44 and >150 kD protein (indicated by an arrow and 
arrowhead respectively). Remarkably, additional amounts of histon 
HI (37 kD) and one of the other core histones were released from 
the residual nuclear structure by a subsequent washing with 10 mM 
EDTA (lane 3). Treatment of residual nuclear structures after 
micrococcal nuclease digestion with 2 M NaCl resulted in the 
release of the remaining core histones (lane 4). Interestingly, a 
high molecular weight protein of approximately >150 kD was 
released from the nuclear structure as well as a 44 kD protein. 
The final residual nuclear matrix showed protein compositions as 
described above (lane 5).The release of chromatin proteins by 
micrococcal nuclease digestion differs considerably depending on 
incubation conditions. Histone HI or a histone HI like protein is 
released from nuclei, when incubation temperature was 37 0C, 
either in the presence or absence of EDTA during washing. In all 
these experiments variable amounts of histones H2A, H2B, H3 and 
H4 remained with the residual nuclear structure. Increasing 
micrococcal nuclease concentrations 10 fold did enhance the 
release of these proteins. However, still the majority of the 
core histones remained associated with the residual nuclear 
structure (results not shown). 
A more reproducible result was obtained when nuclei were 
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incubated with DNase I Routinely 2x10"' nuclei/ml were incubated 
with 20 units DNase I/ml at 37 0C for one hour, without addition 
of MgClz. Under these conditions, approximately 90% of the DNA 
was released from the nuclei as can be deduced from the fact that 
almost 90% of total histones were extracted from the nuclei by 
DNase I digestion (figure 5 lane 2). Furthermore stained bands 
were found at positions coinciding with relative molecular 
weights of 54 and 68 kD. A heavily stained area was found at a 32 
kD position which is typical for the enzyme DNase I. The results 
obtained, were independent of the presence of EDTA. Nuclear 
matrices were prepared by treating DNase I digested nuclei with 2 
M NaCl. Protein compositions of nuclear matrices thus obtained 
were identical to those described above. In the 2 M NaCl extract 
proteins were detected, resembling nuclear matrix proteins 
(figure 5 lane 3) of 23, 36.5 52 and 68 kD. Strikingly, the same 
proteins of >150 kD and 44 kD were found in these 2 M NaCl 
extract, as was also the case when micrococcal nuclease digested 
nuclei were treated with 2 M NaCl. 
Composition of residual nuclear structures obtained by high or 
low ionic strength extraction 
Finally, residual nuclear structures, isolated under different 
experimental conditions were compared according to their protein 
compositions. Figure 6 lane 1 shows residual nuclear proteins 
prepared by 2 M NaCl extraction of isolated nuclei, with its 
typical protein distribution. Lane 2 shows residual nuclear 
proteins obtained by treating isolated nuclei with 2 mg/ml 
dextran sulphate. Obviously, proteins with molecular weights 
greater than 50 kD could not be detected in these preparations. 
It should also be emphasized that no stained material was found 
on top of the stacking gel. However, a thorough examination of 
this procedure has revealed that Coomassie Blue staining is 
strongly inhibited in the presence of dextran sulphate. Residual 
nuclear structures thus obtained resemble those obtained by 2 M 
NaCl extraction. However some additional proteins of 44 and 37 kD 
are found in dextran sulphate treated nuclear structures. Lanes 4 
and 5 show respectively protein composition of nuclei digested 
extensively with micrococcal nuclease or with DNase I. The 
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Figure 4. Fractionation of Physarum nuclei by digestion with 
micrococcal nuclease. 
Nuclei, resuspended in 50 mM Tris/HCl pH 7.3 buffer containing 
0.1 mM СаСІ^, were incubated with 100 units/ml micrococcal 
nuclease for 30 minutes at 0 0C. Digestion was stopped by 
addition of EDTA to a final concentration of 10 mM. The digested 
nuclei were subsequently washed with the same Tris buffer 
containing 10 mM EDTA and extracted with 2 M NaCl. Proteins 
released during digestion, washing and 2 M NaCl extraction were 
analysed on a 6-18% gradient Polyacrylamide gel. 
Lane 1. Protein composition of Physarum nuclei. 
Lane 2. Proteins released from nuclei by micrococcal nuclease 
digestion. 
Lane 3. Proteins released from digested nuclei by additional 
washing with buffer containing 10 mM EDTA. 
Lane 4. Proteins extracted from residues of digested nuclei by 
2 M NaCl treatment. 
Lane 5. Protein composition of the final residual nuclear 
structures. 
Lanes 3 and 4 were loaded with proteins obtained from a 10 fold 
of nuclei compared to the other lanes. The arrow indicates a 44 
kD protein, whereas the arrowhead points to a >150 kD protein. 
Figure 5. Fractionation of Physarum nuclei by digestion with 
DNase I. 
Nuclei, resuspended in 50 mM Tris/HCl pH 7.3 buffer were digested 
with 20 units/ml DNase I for 1 hour at 37 0C. Subsequently the 
digested nuclei were extracted with 2 M NaCl, and the residual 
nuclear structures were collected by centrifugation. Protein 
samples were analysed on a 10-18% gradient Polyacrylamide gel. 
Lane 1. Protein composition of remaining nuclear structures after 
digestion with DNase I and treatment with 2 M NaCl. 
Lane 2. Protein released from nuclei during DNase I digestion. 
Lane 3. Proteins extracted from digested nuclei by treatment with 
2 M NaCl. 
The arrow indicates a 44 kD protein, whereas the arrowhead points 
to a >150 kD protein. 
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obvious resemblance with 2 M NaCl prepared residual nuclear 
structures is striking. DNase I treated nuclei contain besides 
typical nuclear matrix proteins a 44 kD and a >150 kD protein. 
DNase I digested nuclei differ only from micrococcal nuclease 
digested nuclei in the presence of histon HI in the latter. It 
should be emphasized that preparations shown here (lanes 2, 4 and 
5) are obtained under low ionic strength conditions and resemble 
residual nuclear structures obtained by 2 M NaCl extraction (lane 
1) . 
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Discussion 
The internal nuclear matrix consists of a three dimensional protein 
network [2,24,25] or randomly coiled filaments [26], which is 
considered to be of an essential importance for the correct untwining 
of nuclear DNA during replication and the subsequent partition of the 
chromosomes during mitosis [3,26,27] In this chapter we present a 
detailed study on the protein composition of the nuclear matrix of 
Physarum polvcephalum. 
Nuclear matrices of Physarum appeared to consist of two dominant 
proteins with relative molecular weights of 23 and 36 5 kD. Similar 
results were described previously by Mitchelson et al. [19]. who found 
the same values for these proteins. Kowalski et al [23], 
however.described a slightly higher molecular weight (28 kD) for the 
smallest protein and 36 kD for the other. Since in higher eukaryotes, 
lamina proteins are the most abundant proteins in nuclear matrix 
preparations [16-18], it would be reasonable to assume that the 
Physarum nuclear proteins of 23 kD and 36.5 kD are lamina proteins 
However, their molecular weights are significantly lower than those 
found in mammalian cells, which are believed to be highly conserved 
during evolution [16]. This difference in molecular weights might be 
explained by the fact that Physarum nuclei do not disassemble during 
mitosis as higher eukaryotes do Besides the proteins mentioned above, 
several minor Physarum nuclear proteins ,with molecular weights of 30, 
52 and 68 kD, were found to be typical for Physarum nuclear matrices. 
In all preparations, faint protein bands of varying amounts were found 
at positions in the gel where usually histones are found. Whether 
these proteins are inherent matrix proteins remains unclear. 
The presence of nuclear matrix like structures (ghosts), and 
aggregates in buffer containing 9 M urea, DTT and 3% SDS , might be 
the cause for the high background staining found in the upper parts of 
the gel as well as the extensive stained area found on top of the 
stacking gel The high background staining disappeared, when nuclear 
matrices were first incubated with the enzyme phosphodiesterase, prior 
to dissociation in sample buffer. 
On the basis of our results, a definite explanation for this 
phenomenon can not be given, however we would like to put forward a 
few suggestions. First, one might assume that some phosphodiester 
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bonds are responsible for a covalent linkage of proteins in some 
Physarum nuclei On the other hand, the presence of large poly 
ADP-ribose tails on certain proteins may cause heterogeneity in 
molecular weights The latter can also be explained by the fact that 
remnants of nucleic acids are still associated with particular nuclear 
matrix proteins On the other hand, one could assume that materials 
other than proteins were stained by Coomassie blue or that the 
phosphodiesterase was contaminated with proteases 
It has been suggested that the nuclear matrix may be an 
artifact, resulting from precipitation of nucleoplasmic and 
chromatin proteins during high salt extraction [28,29] For the 
nuclear matrix of Physarum this possibility can be dismissed on 
the basis of a comparison of protein composition of residual 
nuclear structures prepared by using different procedures 
SDS-PAGE patterns of polypeptides of matnx-DNA complexes are 
very similar to those of residual nuclear structures obtained by 
removal of chromatin with DNase I at low ionic strength 
conditions However the latter are still containing small amounts 
of an actin like protein (molecular weight of 44 kD) and some 
high molecular weight proteins (>150 kD), which are obviously 
removed by high salt extraction Treatments with micrococcal 
nuclease or dextran sulphate, in the absence of high salt 
concentrations, also remove the histones but are less efficient 
in the removal of some nonhistone proteins Scince comparable 
nuclear structures, with respect to their protein composition, 
are obtained in low ionic strength as well as in high ionic 
strength buffer, there is no reason to assume that a matrix like 
structure is formed by precipitation of nuclear proteins during 
2 M NaCl extraction. Considering the fact that the majority of 
nuclear proteins extracted with 2 M NaCl, is from a chromatin 
origin, thus directly or indirectly associated with nuclear DNA 
loops, the same results must be obtained by removing chromatin 
with nuclease digestion of nuclei. The proteins remaining with 
the residual nuclear structure are either associated with the 
matrix or with remnants of DNA close to the matrix. 
Interestingly, we have found two proteins, remaining with the 
matrix after extensive nuclease digestion, but are released by 
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2 M NaCl treatment. One of the proteins has a molecular weight of 
44 kD and may be actin [30,31]. The association of actin with the 
matrix has recently been descibed by Nakayasu and Ueda [32]. The 
other protein has an estimated molecular weight of >150 kD 
Wether these proteins are associated with the matrix itself or 
with DNA sequences close to the matrix, which contain the 
putative replicón origins, can not be determined yet. 
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Introduction 
Eukaryotic cells contain a protein skeleton structure, called 
the nuclear matrix [1-3], which has been shown to serve as a 
backbone for attachment of replicating DNA [4-7] and DNA 
replication origins [8-11] Electron microscopic observations 
have revealed that DNA is associated with the filamentous 
internal nuclear matrix [12]. During onset of S phase replication 
origins are duplicated and transformed into a not initiatable 
state in order to prevent multiple replication of replicons 
Additional origin binding sites on the matrix are required when 
origins have been duplicated. This might be obtained by de novo 
protein synthesis of particular matrix proteins From the fact 
that replication origins are attached to the matrix it can be 
deduced that the matrix-DNA attachment site serves as the 
location where DNA replication can be regulated, possibly by 
binding of particular proteins or by modification of proteins 
associated with the replication origins. 
The aim of this study was to describe the protein composition 
of the nuclear matrix during the nuclear cycle, in order to 
obtain more insight in the possible function of the nuclear 
matrix in the initiation of DNA replication. Nuclear matrices 
were prepared from the acellular slime mold Physarum 
polycephalum. which is provided with a natural, highly 
synchronous nuclear cycle. Protein composition of the nuclear 
matrix was studied by Polyacrylamide gel electrophoresis, whereas 
incorporation of de novo synthesized proteins in the nucleus was 
studied by pulse chase labelling with " S methionine as protein 
precursor. 
Materials and Methods 
Growth and label ling of Physarum Plasmodia 
Microp lasmodia of Physarum polycephalum. strain M=.= IV, were 
grown as described by Daniel and Baldwin [13]. Macroplasmodia 
were prepared according to Güttes and Gtlttes [14]. Stages of the 
nuclear cycle were determined according to Schel and Wanka [15]. 
Two hours before label was added, macroplasmodia were grown on 
medium from which bactotrypton was omitted Physarum proteins 
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were labelled by placing Plasmodia for θ hours on 20 ml 
bactotryptonless growth medium containig 2.5 pCi/ml L-["''S] 
methionine (800 Ci/mmol, Amersham) or for 2 hours on 0 5 ml of 
the same growth medium containing 50 pCi/ml "'S methionine. For 
the chase, macroplasmodia were grown for appropriate times on the 
original medium, containing bactotrypton. 
Preparation of residual nuclear structures 
Nuclei were isolated at particular times during the nuclear 
cycle from macroplasmodia as described in chapter 4. Residual 
nuclear structures prepared by either 2 M NaCl treatment, DNase I 
digestion or a combination of both, were obtained as described in 
chapter б. 
Autoradiography of labelled proteins separated on SPS 
Polyacrylamide gels 
Nuclear proteins were prepared and separated by 
electrophoresis as described in chapter 6. After staining, the 
gel was washed twice for 30 minutes in dimethyIsulphoxyde (DMSO), 
3 hours in 20% 2,5-diphenyloxazole (PPO) in DMSO according to 
Bonner and Laskey [16] and finally washed in distilled water. 
Subsequently the gel was dried and placed on a X-ray film (Fuji 
XR safety) for appropriate times. 
Results 
Analysis of Physarum nuclear proteins throughout the nuclear 
cycle 
We have prepared nuclear matrices from macroplasmodia, harves­
ted at different periods in the nuclear cycle In our hands, the 
nuclear cycle, measured between the second and third mitosis af­
ter microplasmodial fusion, lasted for approximately 8 hours. 
Longer nuclear cycle durations were measured between third and 
fourth mitosis, probably due to exhaustion of the growth medium. 
Duration of mitosis was approximately 30 minutes, while S phase 
lasted for about 90 minutes [8], variable times were found for Ga 
phase. Henceforth the third mitosis will be abbreviated as Μι*ι. 
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Figure 1 Protein composition of nuclear matrices during the 
nuclear eye le. 
Physarum residual nuclear structures were derived from nuclei, 
isolated at different times during the nuclear cycle, by 2 M NaCl 
extraction. Protein samples were analysed on a 6-18% gradient 
Polyacrylamide gel. 
Lane 1. Proteins of Physarum nuclei isolated at mid G2 phase 
(Μι I I +6 hours) . 
Lane 2. Protein composition of Physarum nuclear matrices prepared 
from nuclei isolated at metaphase (Μι 11 ) . 
Lane 3. As lane 2 except that nuclei were isolated at M m + l S 
minutes . 
Lane 4. As lane 2 except that nuclei were isolated at Min+60 
minutes. 
Lane 5. As lane 2 except that nuclei were isolated at Mi¿1+3.5 
hours. 
Actin is indicated by an arrow whereas a >150 kD protein is 
indicated by an arrowhead. 
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Residual nuclear structures were prepared by treating isolated 
nuclei immediately with high salt buffer. Protein composition of 
residual nuclear structures, prepared during different times in 
the nuclear cycle, were almost completely identical (figure 1 
lane 2 to lane 4) to those described in chapter 6. However, some 
minor differences were detected. When residual nuclear proteins 
were isolated during the onset of S phase a weak 52 kD protein 
band appeared on the gel (lane 3). As the nuclear cycle proceeds 
towards late S phase and G^ phase (Мхті+l hour and Miti+3.5 
hours) this protein increased in concentration (lanes 4 and 5 
respectively). Similar results were observed for the >150 kD 
protein, which showed faint bands during mitosis and S phase but 
increased in concentration during G^ phase. 
In a similar experiment, nuclei were digested with DNase I, 
collected by centrifugation and then treated with high salt 
buffer. Proteins extracted in this way from nuclei at Μι τ т. -2 
hours are shown in figure 2 lane 1 Protein distributions were 
comparable to those described in chapter 6. Further, protein 
extracts of digested nuclei isolated at Miii-20 minutes, Мг11 and 
M m + l hour are shown in figure 3 lanes 2 to 4 respectively. 
Although no large differences in protein distributions were 
observed, one protein of approximately >150 kD showed a phase 
specific variation. This high molecular weight protein seemed to 
be present in large amounts in nuclei during G-^  phase. A slight 
decrease during mitosis was observed, while it sometimes 
completely disappeared during S phase. Furthermore some minor 
differences can be seen on the gel, but they appeared not to be 
reproducible. 
Pulse chase labelling of Phvsarum nuclear proteins 
When macroplasmodia of Physarum were labelled by addition of 
either ^H leucine or 3 = S methionine to a growth medium as 
described in chapter 3, the incorporation of the label was not 
sufficient for autoradiography of electrophoretically separated 
nuclear proteins. In order to obtain a maximum label 
incorporation, Plasmodia were transferred to a growth medium 
lacking bactotrypton, 2 hours before the label was added. 






Figure 2 Analysis of nuclear proteins throughout the nuclear 
cycle. 
Physarum nuclei were isolated at different times during the 
nuclear cycle. Nuclei were then digested with 20 units/ml DNase I 
for 60 minutes at 37 r,C (ΙΟ*7 nuclei/ml), collected by 
centrifugation and treated with 2 M NaCl. Proteins released from 
the nuclei by salt treatment were analysed on a 10-18% gradient 
Polyacrylamide gel. 
Lane 1. Nuclear proteins extracted from digested nuclei, isolated 
at mid G:; phase (Mr/i-2 hours) by 2 M NaCl treatment. 
Lane 2. As lane 1 except that nuclei were isolated at metaphase 
( M m ) . 
Lane 3. As lane 1 except that nuclei were isolated at the 
beginning of the S phase (Mm+15 minutes). 
Lane 4. As lane 1 except that nuclei were isolated during S phase 
(MTTI+1 hour). 
Actin is indicated by an arrow whereas a >150 kD protein is 
indicated by an arrowhead. 
Figure 3 Pulse labelling of Physarum nuclei at different times 
during the nuclear cycle. 
Physarum nuclei were labelled with 3 = S methionine during 
different times in the nuclear cycle. Subsequently nuclei were 
harvested and nuclear proteins were separated on a 6-18% gradient 
Polyacrylamide gel. Finally the gel was treated with DMSO and PPO 
and layered on a X-ray film as described in materials and 
methods. 
Lane 1. autoradiograph of Physarum nuclear proteins labelled from 
Μι ι !-3 hours until MIII (late G-j? phase) . 
Lane 2. As lane 1 except that nuclei were labelled from M m 
until M m + 2 hours (S phase). 
Lane 3. As lane 1 except that labelling was from Μτ11+3 until 
Μι ι τ+5 (early Сз phase). 
Lane 4. As lane 1 except that nuclei were labelled from Μι 11+4 
until Μι 11+6 hours (mid Gs- phase) . 
A 125 kD protein is indicated by an arrow whereas a >150 kD 
protein is indicated by an arrowhead. 
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Subsequently Plasmodia were transferred to fresh bactotryptonless 
medium to which a labelled amino acid was added. 
We have compared label incorporation and distribution of two 
labelled protein precursors, -*Н leucine and 3 =3 methionine. 
Although 3H leucine incorporation was twice as high as 3 = S 
methionine, required exposure times for autoradiography were much 
shorter when "r=S methionine was used as protein precursor. Label 
distributions on the autoradiograph of electrophoretically 
separated nuclear proteins were completely identical for both 
labelled amino ac'ids Therefore ^'^S methionine was used in 
further experiments. 
Figure 3 lane 1 shows an autoradiograph obtained from a 
Polyacrylamide gel containing Physarum nuclear proteins isolated 
during mitoses. Proteins were labelled from Мхи-З hours until 
Μι χ ι. Only a few heavily labelled bands with apparent molecular 
weights of 37, 44, 82, 125 and >150 kD were observed. The 37 kD 
protein may be histone HI, while the 44 kD protein has been 
identified as actin [17]. It should be emphasized that Physarum 
nuclear matrix proteins of 23 and 36.5 kD as well as the core 
histones were not or only weakly labelled. Similar label 
distributions, as described above, were found when nuclei were 
isolated at different times during the nuclear cycle, immediately 
after a pulse of two hours (figure 3 lanes 2, 3 and 4 
respectively) The autoradiograph clearly demonstrates that a 125 
kD labelled protein could be detected when Plasmodia were pulse 
labelled in late G
=
 phase, mitosis or S phase The label 
incorporation in this protein decreased during mid 6= phase. A 
similar result was observed for the >150 kD protein, which also 
became labelled in the period between the late G^ phase and S 
phase. 
In a subsequent experiment Plasmodia were labelled for 2 hours 
starting at mitosis ( M m ) . Nuclei were either isolated 
immediately or after a chase period of 3 hours or 8 hours. The 
autoradiograph of electrophoretically separated nuclear proteins 
is shown in figure 4A. Although the amount of background label 
was different in all preparations, it is obvious that the 125 kD 
protein was labelled during S phase and remained in the nucleus 
during the nuclear cycle, except for the late 6= phase. The >150 
-103-
1 2 3 
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Figure 4 Pulse chase labelling of Physarum nuclear proteins. 
Macroplasmodia of Phvsarum polycephalum were either pulse 
labelled fromMiii+lO minutes until M-tii+130 minutes (A) or from 
Μι 11-50 minutes until Μι ι г-20 minutes (B) with ^"'S methionine and 
subsequently chased for various times. Nuclei were isolated, and 
separated by electrophoresis as described in figure 3. 
Panel A. 
Lane 1. autoradiograph of Physarum nuclear proteins isolated 
after a pulse from Mnj+10 minutes until Мш+ІЗО 
minutes. 
Lane 2. as lane 1 except that nuclei were isolated after a 
subsequent chase of 3 hours. 
Lane 3. as lane 1 except that nuclei were isolated after a 
subsequent chase of 8 hours. 
Panel B. 
Lane 1. autoradiograph of Physarum nuclear proteins isolated 
after a pulse from M m - 5 0 minutes until Miii-20 minutes. 
Lane 2. As lane 1 except that nuclei were isolated after a chase 
of 45 minutes. 
Lane 3. As lane 1 except that nuclei were isolated after a chase 
of 4 hours. 
A 125 kD protein is indicated by an arrow whereas a >150 kD 
protein is indicated by an arrowhead. 
kD protein was labelled during S phase and remained in the 
nucleus throughout the nuclear cycle. 
In a final experiment Physarum Plasmodia were labelled for 30 
minutes, starting 1 hour before metaphase (Mm-SO minutes). 
Nuclei were then either isolated immediately or after a 45 
minutes or 4.5 hours chase period. Figure 4B lane 1 shows that 
the 125 kD protein is weakly labelled and that the >150 kD 
protein was absent when nuclei were isolated immediately after 
the pulse. After a chase for 45 minutes,into the subsequent S 
-104-
phase, the 125 kD protein increased in label density which 
proceded into the mid G. phase (lane 2 and 3 respectively). A 
labelled >150 kD protein was only observed after a chase for 4 5 
hours into the mid G= phase (figure 4B lane 3). 
Discussion 
Nuclear DNA is organized in loops of replicón lengths which 
are anchored in the nuclear matrix with DNA sites containing the 
putative replicón origins [8,9]. To prevent multiple replication 
of DNA sequences, replication origins have to be transformed to a 
not initiatable state as soon as they are replicated. Furthermore 
when replication origins are duplicated an increase in DNA 
binding sites is required, possibly by de novo protein synthesis. 
From these observations one can deduce that DNA attachment sites 
are control locations for DNA replication In order to gain more 
insight in the DNA-nuclear matrix interactions we studied the 
protein compositions and turnover of the nuclear matrix during 
the nuclear cycle. 
Scanning the protein compositions of Physarum nuclear matrices 
throughout the nuclear cycle, it became obvious that the nuclear 
matrix has to be regarded as a structure with a constant protein 
composition. No drastic differences in protein composition were 
observed, except for a 52 kD protein which seems to be absent 
during mitosis. Furthermore a >150 kD protein was found to be 
associated with the matrix, predominantly during Ga. phase. This 
>150 kD protein might be related to topoisomerase II (E.M. 
Bradbury, personal communication), which is believed to be 
functional in the relaxation of double stranded DNA molecules 
[18]. As far as the >150 kD protein is concerned, a similar 
result was obtained on protein extraction of DNase I digested 
nuclei. Proteins present in the extracts are considered to be 
associated with the matrix, or with DNA segments close to the 
matrix by NaCl sensitive interactions. The role of the >150 kD 
protein with respect to the NaCl sensitivity of the matrix 
association remains unclear 
We have attempted to study protein turnover in Physarum nuclei 
by pulse labelling of nuclear proteins with 3r''S methionine as 
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protein precursor. Difficulties were encountered when comparing 
label distributions on the autoradiograph with the corresponding 
stained electropherograph. It remains unclear, why only traces of 
labelled amino acids were incorporated in low molecular weight 
proteins as compared to high molecular weight proteins. This 
phenomenon can only be partially explained by the fact that 
statistically the presence of any particular amino acid depends 
on protein size. On the other hand, protein bands obviously 
stained on the gel could hardly be detected on the autoradiograph 
whereas some weakly stained proteins were heavily labelled. 
Despite these difficulties in studying autoradiographs of 
labelled Physarum nuclear proteins, some interesting results were 
obtained. 
The constant protein composition of Physarum nuclear matrices 
was confirmed by pulse labelling experiments of Physarum nuclei. 
However, we noticed that a 125 kD protein showed a phase 
dependend variation in the nucleus. From pulse chase experiments 
we deduced that it is synthesized during late Ga phase and occurs 
in the nucleus during mitosis and S phase. Furthermore, a >150 kD 
protein was observed that, also synthesized during late Ga phase, 
was detected in Physarum nuclei at the beginning of the 
subsequent 6= phase. We would like to mention that both proteins 
were also detected on autoradiographs obtained from matrix 
preparations (results not shown). 
At this point we would like to put forward a hypothesis of 
Loidl et al. [19], who stated that DNA replication is initiated 
whenever a certain protein/DNA ratio is reached. After origins 
are replicated, the effective protein/DNA ratio is halved. New 
initiation can only occur when protein/DNA ratio is restored by 
de novo synthesis of the required protein. They suggested that 
synthesis occurred somewhere in Gs phase.The 125 kD protein as 
demonstrated in this chapter might be a candidate for this 
function. 
All studies on the protein composition of the matrix during 
the nuclear cycle [20-25] have revealed that no drastic 
difference in protein composition occurs during the nuclear 
cycle. Our results do support this view, and underline the 
constant character of the nuclear matrix. 
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Introduction 
Recent observations have shown that DNA replicón origins are 
associated with the nuclear matrix [1-4], probably in such a way 
that DNA loops of replicón length are formed [5-7]. It has been 
suggested that all replication origins of several consecutive 
replicons are initiated simultaneously at the beginning of the S 
phase [8] Once replication proceeds, replication forks are being 
attached to the matrix, and DNA is unwound by passing through the 
fork attachment site, on the matrix [9-12]. 
The attachment of replicón origins to the matrix is not 
restricted to S phase, but extends from d phase until the end of 
G= phase [1,2] . Furthermore, it has been shown that during 
mitosis DNA is associated with the chromosomal scaffold [13], 
probably with the same DNA regions containing the putative 
origins of replication [2]. Although the nuclear matrix and 
chromosomal scaffold are different structures, they show some 
homology in function and protein composition [14-17] 
These data support a model in which DNA replicón initiation 
and/or DNA replication are, in one way or another, mediated by 
the DNA matrix attachment side. 
It was the aim of the study described in this chapter to gain 
some information about the DNA sites associated with the matrix. 
Therefore we have used the ace 1 lu lar slime mold Phvsarum 
polvcephalum to isolate DNA sequences associated with the matrix, 
containing the putative origins of replicons [1]. DNA sequences 
thus obtained were analysed according to their size distribution 
after extensive digestion with several nucleases. Furthermore, 
DNA sequence complexity was studied by DNA reassociation 
experiments. 
Material and Methods 
Growth and labelling of Physarum Plasmodia 
Microplasmodia of Physarum polycephalum .strain M-^ -IV, were 
grown as described by Daniel and Baldwin [18]. Macroplasmodia 
were prepared according to Güttes and Güttes [19] and the stages 
of the nuclear cycle were determined as described by Schel and 
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Wanka [20] 
For pulse labelling, Plasmodia were placed for 15 minutes on 
0 5 ml growth medium containing 200 pCi/ml [Ме-'Н] deoxythymidine 
(20 Ci/mmol) and 100 pgr/ml FdUr (fluorodeoxyuridine). 
Subsequently Plasmodia with the supporting filter discs were 
briefly put on sterile filter paper to remove excess medium, then 
briefly washed and placed for 3 minutes on unlabel led medium 
containing 20 pg/ml thymidine and finally grown on medium without 
thymidine until mid G.. phase. 
Isolation and nuclease digestion of nuclei 
Nuclei were isolated essentially as described by Mohberg and 
Rusch [21] using an isolation medium containing 0.25 M sucrose, 5 
mM MgCl=., 10 mM Tris-HCl pH 7.3 and 0.1% Triton X-100. 
Subsequently nuclei were resuspended in 50 mM Tris-HCl buffer pH 
7 3 containing 7.5 mM MgCЬ . DNase I (Sigma) was added in 
different concentrations and the samples were incubated for 15 
minutes at 37 U'C. When nuclei were digested with micrococcal 
nuclease (Boehringer), nuclei were resuspended in 50 mM Tris/HCl 
pH 7.3 containing 1 mM CaClr and incubated for 15 minutes at 37 
"-"C. Incubation was terminated by addition of EDTA to a final 
concentration of 10 mM. Subsequently, nuclei were washed twice 
with 50 mM Tris/HCl buffer pH 7.3 in order to remove released DNA 
fragments. Finally, nuclear matrices were prepared by adding one 
volume of high salt buffer (2 M NaCl, 50 mM Tris/HCl pH 7.3) to 
the resuspended nuclei. Nuclear lysates were kept one ice for 30 
minutes Nuclear matrices were collected by centrifugation for 30 
minutes at 10,000 rpm through a 10 ml 40% sucrose cushion 
prepared in the same buffer. 
Isolation of DNA fragments from the nuclear matrix 
Nuclear matrices, were dispersed in 50 mM Tris/HCl pH 7.3 
buffer, containing 100 pg/ml RNase A (Sigma) and incubated for 30 
minutes at 37 0C. Subsequently an equal volume of the same buffer 
containing 1% SOS and 100 pg/ml proteinase К (Merck) was added 
and incubation was continued overnight. DNA fragments were then 
extracted with phenol/chloroform [22] and precipitated by adding 
0.1 volume of 3 M sodium acetate buffer pH 5.6 and 2 5 volumes of 
-111-
96% ethanol. Precipitates were stored at -20 "C overnight and 
collected by centrifugation for 2 hours at 30,000 rpm in a SW 60 
rotor and dissolved at 1 ug/ml DNA in TE8 buffer (10 mM Tris/HCl 
pH 8 0 and 1 mM EDTA). 
For hybridization experiments DNA was loaded on a 0 8% 
preparative agarose gel and trapped in DEAE cellulose filters as 
described by Dretzen et al. [23]. DNA fragments were released 
from the DEAE filters by washing the shredded filters with 10 ml 
of 20 mM Tris/HCl pH 7 5 containing 1.5 M NaCl and 1 mM EDTA. 
Ethidium bromide, used to observe migration of DNA fragments 
during electrophoresis, was removed by extraction with n-butanol 
saturated with distilled water tRNA was added (100 pg/ml) as 
carrier for DNA precipitation. Finally DNA was precipitated with 
ethanol, incubated with RNase A, extracted with phenol/chloroform 
and again precipitated with ethanol as described above DNA was 
collected by centrifugation for 2 hours at 28,000 rpm in a SW 28 
rotor and dissolved at 1 jig/ml in TE8. Total Physarum DNA, 
labelled with 1'*C thymidine according to Aelen et al. [1], was 
prepared as described in chapter 4 
In vitro labelling of matrix DNA fragments 
DNA fragments, isolated from nuclei digested with DNase I. 
were either labelled with 3 2P dCTP or -H TTP. To this aim, 5 μΐ 
DNA (5 pg) were diluted with 1 μΐ dNTP (= dATP, dGTP,dTP, 1 mM 
each), 1 pi buffer (0.2 M Tris/HCl pH 7.4, 0.5 M NaCl, 0.1 M 
MgCb and 10 mM dithiothreitol), 1 μΐ TE8, 1 pi label and 1 μΐ 
Klenow polymerase (1 unit, Amersham) . For 3=:P labelling, 5 pCi 
alpha dCTP ( >3000 Ci/mMol, Amersham) was used, while for ^H. 
labelling 10 pCi 3 H TTP (41 Ci/mMol, ICN) was used. The mixture 
was incubated at 15 0C overnight. Labelled DNA fragments were 
either,directly analysed on an agarose gel or phenol/chloroform 
extracted and precipitated with ethanol. 
Analysis of DNA fragments by electrophoresis 
Size distribution of DNA fragments were analysed either on 
agarose gels or Polyacrylamide gels of appropriate concentrations 
[22] For this, DNA fragments, to which 0 2 volumes of sample 
buffer (1 mM Tris/HCl PH 7.5, 1 mM EDTA, 0.1% SpS, 10% sucrose 
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and О 25% Bromophenol Blue) was added , were loaded on a gel 
prepared in ТВ buffer (50 mM Tris, 50 mM Boric acid pH 8.2 and 1 
mM EDTA). Gels were run at 10 Volts/cm for appropriate times. 
In case DNA fragments were labelled with ^ P alpha dCTP, gels 
were washed once, in 7% trichloroacetic acid and three times in 
distilled water. Finally, the gel was dried on a Whatmann 3MM 
filter and placed on a Fuji-RX film. When DNA fragments were 
labelled with ""Ή thymidine, by pulse labelling of Plasmodia, gels 
were sliced in 4mm pieces and dissolved in 0 5 ml 0.5 N 
perchloric acid for 1 hour at 80 "C. Radioactivities were 
determined in a Philips Liquid Scintilation Analyser using a 
toluene-based scintilation liquid. 
Determination of reassociation kinetics of DNA fragments 
Total Physarum DNA, labelled with 1 4C thymidine, was dissolved 
in 50 mM Tris/HCl pH 7.3 buffer containing 7.5 mM MgCb to a 
final DNA concentration of 1 mg/ml. Subsequently DNA was digested 
by adding DNase I (1.2 units/ml), for 15 minutes at 37 "C. in 
order to obtain DNA fragments of approximately 300 base pairs. 
Digestion was terminated by adding EDTA to a final concentration 
of 10 mM. ^ H TTP labelled matrix DNA fragments were then added (5 
pg) and the DNA sample was extracted with phenol/chloroform and 
precipitated with ethanol as described above Finally, DNA 
fragments were dissolved in phosphate buffer, containing 2 mM 
EDTA at 1 mg DNA/ml. C.t values between IO-* and 10 - 1 were 
determined in 0.03 M phosphate buffer, while Cot values between 
10 - 2 and IO3-3 or between 10 3- = and lO^p were determined in 0.34 
M or 1.00 M phosphate buffer respectively. The Cot values thus 
obtained were corrected for buffer variations as described by 
Britten et al. [24]. 10 μΐ DNA samples were sealed in capillaries 
and incubated in a waterbath at 100 0C, in order to denaturate 
DNA samples. Subsequently the samples were immediately 
transferred to an alcohol bath of -20 0C. DNA hybridization was 
started by incubating the DNA samples at 60 0C for the required 
times. The reannealing was stopped by transferring the samples to 
an alcohol bath of -20 0C and stored at the same temperature 
until all samples were collected. 
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Determination of reannealed DNA fragments 
The amount of reassociated DNA fragments was determined by 
incubating the hybridization samples with the single strand 
specific nuclease Sx. Briefly, the 10 μΐ DNA samples were diluted 
by adding 40 μΐ distilled water and 300 μΐ buffer (50 mM sodium 
acetate pH 4.6. 0 28 M NaCl. 4.5 mM ZnSO«). 50 μΐ of each sample 
were withdrawn for determination of total radioactivity. 200 
units of nuclease Si (Sigma) were added to the remaining 300 μΐ 
and the sample was incubated for 30 minutes at 37 "C. Nuclease Si 
resistant DNA molecules were collected by precipitation with 25% 
trichloroacetic acid (final concentration), in the presence of 
0.5 mg salmon sperm DNA as carrier. The radioactivity in each 
fraction was determined as described previously [25]. 
Results 
Size distribution of matrix associated DNA fragments 
In order to obtain more insight in the structural organization 
of the DNA-matrix attachment site, we have studied the structure 
of DNA fragments associated with the matrix, by graded nuclease 
digestion, using micrococcal nuclease and DNase I. Matrix 
associated DNA fragments were specifically labelled [1] by adding 
-H thymidine to the growth medium just before onset of DNA 
replication. Labelling was continued for 15 minutes. Plasmodia 
were then grown for another 6 hours on label free medium. In this 
way, co-isolation of DNA replication forks, which are associated 
with the matrix during S phase only [1,9], was avoided. 
Nuclei were incubated with an increasing concentration of 
micrococcal nuclease. Matrix associated DNA fragments were 
isolated after treating digested nuclei with buffer containing 2 
M NaCl. Figure 1 shows that DNA remaining with the matrix 
decreases in size when enzyme concentrations were increased. As a 
consequence, the amount of matrix associated DNA also decreases. 
DNA fragments released from the matrix became also smaller in 
size when nuclease concentration was increased, but it should be 
emphasized that average sizes of matrix associated DNA fragments 
were always higher then those of matrix released DNA fragments. 
It seems to us that digestion of matrix associated DNA fragments 
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Figure 3 Organization of matrix associated DNA fragments in 
nucleosomes. 
Nuclei, isolated at mid 0= phase, were digested with different 
concentrations of DNase I. Matrix associated DNA fragments were 
isolated as described in figure 2 and labelled by filling in 
single stranded gaps with alpha ^ P dCTP in the presence of 
Klenow polymerase. Labelled DNA fragments were separated on a 2% 
agarose gel and detected by autoradiography using an X-ray film. 
Lane 1. Matrix associated DNA fragments obtained from nuclei 
digested with 1 unit/ml DNase I. 
Lane 2. Matrix associated DNA fragments obtained from nuclei 
digested with 2 units/ml DNase I. 
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were obtained when nuclei were first treated with high salt 
buffer and then incubated with micrococcal nuclease (results not 
shown). This procedure was however not further used scince 
sliding of DNA fragments along the matrix, in the presence of 
high salt buffer has been suggested [26]. 
We have repeated the above described experiment by using DNas< 
I in order to determine whether the obtained digestion pattern is 
caused by the enzyme or by the organization of the DNA molecule 
at the attachment site. Figure 2 shows that similar results were 
obtained with DNase I, although it appeared that matrix 
associated DNA was faster degraded by DNase I than by micrococcal 
nuclease as can be deduced from size distributions. In case DNase 
I was used, size distribution of DNA fragments was more 
restricted than with microccocal nuclease digested DNA, probably 
due to the faster degradation by DNase I. However, DNA fragments 
isolated from DNase I digested nuclei were never smaller than 40 
base pairs. Identical results were also observed when residual 
nuclear structures were digested with DNase I. We have also 
digested nuclei with phosphodiesterase or a combination of Si 
nuclease and Exo-nuclease III, with similar results (not shown). 
In an additional experiment we have isolated matrix associated 
DNA fragments, from nuclei digested with DNase I. In order to 
investigate size distribution of DNA fragments more acurately, we 
have labelled the DNA molecules by repair synthesis with Klenow 
DNA polymerase. It is a well known feature that extensive DNase I 
digestion of double stranded DNA, will produce single stranded 
gaps in the DNA molecule [27]. Therefore it was required to fill 
in single stranded gaps in the DNA molecule with DNA Klenow poly-
merase. During DNA synthesis in the presence of DNA polymerase, 
alpha 3 =P dCTP was added to the reaction mixture in order to 
obtain labelled DNA fragments. Subsequently DNA fragments were 
separated on a 2% agarose gel. The autoradiograph of the gel, 
shown in figure 3, clearly demonstrates a banding pattern of DNA 
fragments (arrowheads in figure 3). We estimated an average size 
for DNA fragments of 160, 350, 540, 750 and 940 base pairs. The 
result supplies evidence for a nucleosomal organization of DNA 
close to the matrix. As described above, no DNA fragments smaller 
than 40 base pairs could be detected on the autoradiograph. 
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Figure 4 Reassociation kinetics of matrix associated DNA 
sequences. 
Physarum genomic DNA, in vivo labelled with 1 ЛС thymidine (panel 
A) or matrix associated DNA, in vitro labelled with 3H TTP by 
Klenow polymerase and mixed with an excess of t''*C labelled 
Physarum genomic DNA (panel B), were incubated at 60 "C for 
appropriate times at a DNA concentration of 1 mg/ml. At required 
times DNA samples were frozen at -20 "C and kept at this 
temperature until all samples were collected The amount of 
hybridized DNA was determined by degrading single stranded DNA 
with nuclease Si and expressed as de percentage of Si resistant 
DNA. Matrix associated DNA fragments were obtained as described 
in material and methods using DNase I concentrations of 1 unit/ml 
(o), 2 units/ml (·), 4 units/ml (+) or 8 units/ml (x) at 10' 
nuclei/ml. 
Reassociation kinetics of matrix associated DNA fragments 
We have attempted to determine the sequence complexity of 
matrix associated DNA fragments. Therefore we first determined 
the reassociation kinetics of total genomic Physarum DNA. For 
this purpose, total Physarum DNA was digested by DNase I until an 
average molecule size of 300 base pairs was obtained, as judged 
by agarose gel electrophoresis (results not shown). The resulting 
Cot curve (figure 4A) shows that total Physarum DNA reaches 50% 
hybridization at a C.t value of IO3 (mol χ seconds/liter). 
Furthermore we deduced from the curve that 5% of the DNA was 
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already double stranded when hybridization was initiated, another 
30% became double stranded at a C.,t value between IO-1 and 10l 
(mol χ seconds/liter). the remaining 65% of the DNA was 
reassociated at Cot values typical for unique DNA sequences (C.,t 
> 1(F mol χ sec/liter) [24]. Hardman et al. [28] found almost the 
same values 
In further experiments, we always used in vivo labelled 1"C 
total Physarum DNA as driver DNA. Cot curves thus obtained were 
used as a controle for the reassociation. Reassociation kinetics 
of Physarum matrix associated DNA fragments were determined by 
using DNA fragments isolated from residual nuclear structures. 
Therefore nuclei were digested with graded concentrations of 
DNase I, prior to high salt treatment. In this way DNA fragments 
were obtained with an average length of 800, 400, 300 and 200 
base pairs, as determined by agarose gel electrophoresis (results 
not shown). DNA fragments were first labelled with -H TTP by 
repair synthesis with Klenow polymerases. Fragments of different 
isolations differed in size, that means that they all contained 
the matrix associated sequences but differed in the content of 
loop DNA. Figure 4B shows the reassociation kinetics of matrix 
associated DNA fragments. It is obvious that, while the length of 
matrix associated DNA fragments decreases, the proportion of 
immediately reannealing DNA increases, indicating that their 
sequence complexity decreases in relation to total Physarum DNA. 
Furthermore, matrix DNA fragments obtained by digesting nuclei 
with 1 unit/ml DNase I showed an increased hybridization rate 
between a Cut values of 10 _ 1 and 101 (mol χ sec/liter). This was 
not observed with matrix DNA fragments obtained by digestion with 
higher concentrations of DNase I. As incubation time proceeds, 
the C^t curves of matrix associated DNA resembles that of total 
Physarum DNA. 
Discussion 
It has been shown that DNA is attached to the nuclear matrix 
[5-7] in such a way that DNA loops of replicón length are formed. 
Furthermore, evidence has been presented that DNA replication is 
initiated at the matrix [1-4]. From these results it was deduced 
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that origins of DNA replication, or at least sequences close to 
them, are associated with the matrix. Consequently, one might 
expect that the DNA-matrix attachment site is, in one way or an 
other, involved in regulation of DNA replication. 
It was the aim of our study to investigate the organization of 
DNA at the matrix attachment site Extensive digestion of 
isolated nuclei with several nucleases has revealed that, 
although the amount of DNA associated with the matrix, decreases, 
its size was never smaller than 40 base pairs. The results were 
independend of the type of nuclease used for digestion. 
Essentially the same results were obtained when nuclear residual 
structures were digested with nucleases, indicating that 
properties of matrix associated DNA fragments, as described here, 
are determined by the matrix without any significant contribution 
by chromatin proteins. One should be very careful in interpreting 
results obtained on DNA digestion of matrices, since it has been 
suggested that DNA sequences can slide along the matrix in the 
presence of high ionic strength buffer [26]. Taken together, we 
assume that DNA sequences smaller than 40 base pairs do not 
supply enough binding sites required for a stable binding of DNA 
to the matrix. 
Autoradiographs of matrix DNA, isolated from DNase I digested 
nuclei, revealed a banding pattern, resembling those usually 
obtained for digestion of chromatin [29-31]. When nuclear 
matrices were prepared prior to DNase I digestion, the banding 
patterns were absent. These results supply evidence for a 
organization of matrix associated DNA in nucleosomes. From our 
results it can be deduced that Physarum nucleosome DNA is 
approximate!ly 160 base pairs long, with a 30 base pairs of 
linker DNA. These results are compatible with those described by 
Czupryn et al. [32] who found a size of 154 base pairs for mono 
nucleosomal DNA. Since we observed matrix DNA fragments of 
mononucleosomal length we concluded that DNA matrix attachment 
does not interfere with nucleosome organization of matrix DNA. 
Unfortunately, we were not able to improve the resolution of DNA 
banding on the autoradiograph. This is partially due to the fact 
that DNase I was used for DNA digestion instead of micrococcal 
nuclease, which is frequently used in nucleosome studies. DNase I 
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has a greater activity on nucleosomal DNA than micrococcal 
nuclease does [27] On the other hand we have digested nuclei 
extensively instead of a short incubation with high enzyme 
concentrations as applied in nucleosome research 
In continuation of these experiments, we studied the sequence 
organization of the matrix associated DNA by DNA hybridization 
experiments Our results obtained on Physarum matrix DNA has 
revealed that a significant amount of the DNA sample became 
double stranded, immediatelly after initiation the hybridization, 
at a Cot value of IO - 4 (mol sec/liter). Usually these DNA 
fragments contain foldback sequences [33-35] We have shown that, 
when DNA fragments recovered from the matrix were smaller in 
size, the initial percentage of reannealed DNA, determined at a 
C t value of IO""4· (mol. sec/liter) increases Since DNA 
fragments, differ in the amount of "non-matrix DNA" (ι e more 
remote from the actual matrix attachement site) one must conclude 
that the low complexity DNA sequences are located close to the 
attachment site In every hybridization sample, 1'*C labelled 
total Physarum DNA was included, in order to determine any 
abnormality that occurs during the experiment Scince d t values 
obtained on total Physarum DNA were identical in all experiments 
and, furthermore, comparable to those described by Hardman et al. 
[28] we have no reasons to assume that our results simply reflect 
variations in experimental conditions. We found that when 
hybridization proceeds, the Cot curves obtained on matrix DNA 
were similar to those for total Physarum DNA 
Conflicting results, concerning DNA sequence complexity of 
matrix associated DNA were obtained by several authors Razin et 
al. [36] have found that DNA associated with the matrix and 
chromosomal scaffold of mouse cells are enriched in middle 
repetitive DNA sequences, but not with foldback sequences They 
also observed that an increasing percentage of middle repetitive 
DNA sequences was found when DNA fragments, associated with the 
nuclear matrix were smaller in size. It should be emphasized, 
however, that they removed DNA sequences, which were reassociated 
at a Cot value of 10 _ = (mol. sec/liter) prior to hybridization 
Kuo and collaborators [37] described an enrichment of repetitive 
DNA sequences of matrix associated DNA. Jeppesen et al. [38] 
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found an enrichment of highly repetitive DNA and foldback 
sequences associated with histone depleted metaphase chromosomes 
after nuclease digestion. Variation in results as described by 
several authors can be explained by differences in the procedure 
to determine the amount of reannealed DNA, whether they use Si 
digestion to remove single stranded DNA or separate single 
stranded DNA from reannealed DNA by hydroxyl apatite 
chromatography. Furthermore, to obtain more reliable results, the 
use of synchronized cell systems, like Phvsarum polycephalum. is 
required, since replication forks are associated to the matrix 
during S phase [1,9]. 
Based on the isolation procedure for nuclear matrix DNA, as 
applied by us, we assume that our matrix DNA sequences contain 
replication origins [1]. Our results have revealed that origins 
of replicons or sequences close to them contain DNA sequences of 
low complexity, possibly foldback sequences. The latter was also 
described by Goldberg et al. [39] who determined DNA sequences of 
matrix associated DNA. A palindromic organization of origin DNA 
was also described by Zanms-Hadj opoulos, who isolated replicón 
origins, using a different experimental approach [40,41]. 
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CHAPTER 9 
EVIDENCE AGAINST THE SPECIFIC INITIATION OF OKAZAKI 
FRAGMENTS AT THE INTERNUCLEOSOMAL LINKERS 
RON .J.G. OPSTELTEN, PETER A. DIJKWEL and FRIEDRICH WANKA 
CHAPTER 9 HAS BEEN PUBLISHED IN BIOCHEM. BIOPHYS. RES. COMMUN. 
(1981) VOL. 101, PAGE 807-813 
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SUMMARY 
We have digested nuclei, isolated from ^H Thymidine pulse 
labelled cells, with nuclease Si. Short pulse labelled DNA 
fragments were excised by the enzyme and released upon subsequent 
treatment with 2 M NaCl. Only a small fraction of the label was 
released from the Si digested nuclei by 0.5 M NaCl, indicating 
that the cleavage sites were located in the DNA of the nucleosome 
cores. The results are not compatible with the hypothesis that 
the initiation of the Okazaki fragments occures at the 
internucleosomal linkers. 
INTRODUCTION 
DNA replication has been shown to proceed discontinuously by 
synthesis of short DNA chains - Okazaki fragments - which are 
subsequently joined into larger units [1,2]. It has been sugges-
ted that the initiation of Okazaki fragments in eukaryotes takes 
place in the linker region between nucleosomes [3,4]. The argu-
ments for this proposal are (1) that the length of Okazaki frag-
ments appear to match fairly well the chromatin repeat lengths 
and (2) that the internucleosomal linkers are more susceptible to 
nucleases than the DNA region which is associated with the 
histone octamer [5,6,7]. 
Initiation at the linkers implies the temporal occurrence of 
small eye loops slightly ahead of the replication fork [3,4]. 
Support for the prefork initiation has been provided recently 
[8]. The loop contain stretches of single strand parental DNA 
which are arranged in such a way that short pieces, containing 
the Okazaki fragments, can be excised from the replicating region 
by single strand specific nucleases [9]. These short pieces can 
be isolated from the bulk DNA which remains attached to a rapidly 
sedimenting nuclear protein matrix [10,11,12]. 
Assuming that the synthesis of Okazaki fragments starts at the 
internucleosomal linkers means that the single strand stretches 
in the parental DNA are located in such a way that nucleosomes 
should be released from the replicating region by digestion with 
single strand specific nucleases. We show here that short pieces 
of replicating DNA are excised from isolated nuclei without 
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resulting in a release of nucleosomes. 
MATERIALS AND METHODS 
1. Cell growth and labelling procedures 
Monolayer cell cultures derived from bovine calf liver were 
grown as described previously [13], except that a serum 
concentration of 10% was used. The DNA was prelabelled for at 
least 24 hours by adding 0 02 pCi/ml [г-^С] dThd (spec act 
52.8 mCi/mmol; NEN). The cells were then pulse labelled for 1 
minute with 40 μΟι/ιηΙ [methyl ^H] dThd (spec. act. 50 mCi/mmol; 
NEN). The incorporation was terminated by rinsing cells briefly 
with ice-cold 50 mM Tris/HCl buffer containing 0.1% Triton X-100 
(ТГВ) . 
2. Isolation of the nuclei and nuclease digestion 
The cells were detached from the glass surface by rigorous 
shaking with TTB and collected by centrifugation. The sediment 
obtained from one Carrel flask was resuspended in 3 ml TTB and 
forced 5 times through a hypodermic needle with a diameter of 0.7 
mm. The nuclei were then collected by centrifugation and 
resuspended in appropriate buffers for the enzyme treatments. 
For digestion with Si-nuclease (type III, Sigma) the nuclear 
sediment was resuspended in 10 mM sodium acetate buffer pH 4.5 
containing 1 mM ZnSCU. Enzyme incubation was performed at 37 "C 
for 40 minutes. 
For digestion with staphylococcus nuclease (Boehringer) the 
nuclei were resuspended in 10 mM Tris/HCl buffer pH 7.5 
containing 1 mM CaCl^ and 10 mM mercapto-ethanol. Incubations 
were for 20 minutes at 37 0 C . 
The enzyme incubations were terminated by adding 1 volume of 
10 mM EDTA to the incubation mixture. The samples were then 
brought to a final concentration of 0.5 or 2 M NaCl by adding 
equal volumes of suitably concentrated salt solutions. 
3. Sedimentation analysis. 
5 - 25% sucrose gradients were prepared on 70% sucrose 
cushions containing 2 M NaCl and 0.4 g/ml CsCl. The gradient 
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solutions contained 10 mM Tris/HCl buffer pH 7.5, 10 mM 
mercapto-ethanol, 5 mM EDTA and either 0 5 M NaCl for the 
analysis of nucleosomes or 2 M NaCl for the analysis of nuclear 
lysates Samples of 1 б ml were layered on top of the gradients 
and centrifuged for 20 hours at 26,000 rpm and 4 "C in a SW 27-1 
rotor (Beekman). 
The gradients were fractionated starting from the bottom of 
the tubes The fractions were processed and the radioactivities 
were determined as described elsewhere [14] 
RESULTS 
Digestion of histone depleted DNA with nuclease Si results in 
the excision of Okazaki fragments hydrogen bonded to short pieces 
of parental DNA [9]. In order to find out whether the enzyme 
affected chromatin in the same way, we digested isolated nuclei 
with the nuclease, then dissociated the nucleo-protein by 2 M 
NaCl and analysed the products by centrifugation in sucrose 
gradients. 
s, digestion of nuclei 
- ¿ 1 
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Figure 1 Excision of pulse labelled DNA fragments by digestion of 
isolated nuclei with nuclease St. Nuclei of 1 min pulse labelled 
cells were divided into 4 portions and incubated with Si nuclease 
at the concentrations (units/ml) indicated. The nuclei were then 
lysed by 2 M NaCl and centrifuged as described under methods. 
Sedimentation is from right to left. 
о
 3H pulse label, · 1"*C pre-label 
As shown in figure 1 a significant proportion of the 
radioactivity incorporated during a 1 minute pulse was excised by 
the single-strand specific nuclease, and turned up as slowly 
sedimenting material with an average sedimentation value of about 
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4 - 5 S The other label remained associated with a rapidly 
sedimenting structure which is known to represent the nuclear 
matrix [10,15]. The amount of label recovered after a 1 minute 
pulse in the small fragments varied between 20 and 30 %. These 
data are in full agreement with the observation made by enzymic 
digestion of 2 M NaCl lysates of nuclei [9] . 
salt dependency of release 
Figure 2 The effect of the NaCl concentration on the release of 
excised DNA. Nuclei of pulse labelled cells were digested with 
2000 units/ml Si nuclease (A and B) or with 20 units/ml 
staphylococcal nuclease (C). The digests were then brought to 2 M 
(A) or 0.5 Μ (В and С) NaCl concentration. Further details are as 
in fig 1. The position of the mononucleosomes is indicated by 
the main peak in gradient С 
There was also some aspecific degradation of non-replicating DNA, 
in particular when elevated enzyme concentrations were used. The 
1
'*C labelled fragments were much longer, however, and were 
heterogenous m size ( fig. 1). It is not clear whether the 
aspecific cleavage by Si nuclease is due to the occurrence of 
single strand gaps or other disturbances in the secondary 
structure of the DNA. In order to determine whether the cleavage 
sites are located in the linker regions a Si digest has been 
analysed by sucrose gradient centrifugation in the presence of 
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0.5 M NaCl. Only traces of pulse label were present at the 
gradient region where mononucleosomes should be detected (fig 
2B). The data summarized in tabel 1 show that up to 25% of 
excised DNA fragments could be released by 0.5 M NaCl treatment 
Owing to the low yields we were not able to determine wether this 
label was really present in nucleosomes or wether it represents a 
replicative intermediate with a salt labile binding [16] A 
contribution by aspecific cleavage seems likely, since the 
relative amounts of label released by 0.5 M NaCl increased with 
higher enzyme concentrations. A sedimentation analysis of a 
staphylococcal nuclease digest of pulse labelled nuclei is 
included in fig. 2C. It shows a label distribution with a 
prominent peak at about 11 S, which is the known position of 
mononucleosomes [16]. It agrees with previous findings according 
to which nucleosomes are more rapidly released from newly 
replicated chromatin than from mature chromatin [16,17]. Finally 
we investigated whether the failure to release nucleosomes from 
the Si digest might be due to the use of a low pH during the 
enzyme treatment. To this aim a DNAse I digest was prepared under 
suitable conditions and subsequently incubated for 15 minutes at 
pH 4.5. The sedimentation pattern obtained in the presence of 0.5 
M NaCl revealed that the release of nucleosomes was not affected 
by the pH 4.5 treatment (experiments not shown). 
Table 1 
Release of pulse label from nuclease Si digested nuclei by 0.5 M 



























Counts under a) are from the area corresponding to fractions 7 to 
10 of the sucrose gradients shown in fig 2B. 
Counts under b) are from the area corresponding to fractions 9 to 
12 of the sucrose gradients shown in fig. 2C. 
-130-
Discussion 
It is now well established that the histone core of the 
nucleosomes remain bound to the DNA during replication [7]. 
Interestingly, the nucleosomes associated with nascent DNA are 
more susceptible to staphylococcal nuclease than those of the 
mature chromatin [16,17,18,19]. However, the details of the 
movement of the replication fork along the nucleosomes are not 
well understood at present. There are reasons to suppose that the 
synthesis of Okazaki fragments starts at the internucleosomal 
linkers [3,4]. This hypothesis has been tested in the present 
work. 
Initiation of Okazaki fragments at the internucleosomal 
linkers results in the occurrence of pre-fork loops slightly 
ahead of the bifurcation of the replicating DNA molecules. The 
presence of such loops has been inferred from an analysis of the 
replicating intermediates [8] and is further supported by the 
discovery of microbubbles in replicating DNA [20,21,22]. The 
synthesis of Okazaki fragments generates unpaired stretches m 
the parental DNA strands which can be degraded by single-strand 
specific nucleases [23]. These single strand parts are arranged 
in such a way that their degradation results in the excision of 
short DNA pieces containing the Okazaki fragments as shown 
schematically in fig. 3 [9]. The results reported above show that 
these sites are also cleaved by the Si nuclease in isolated 
nuclei, indicating that the single strand parts are not protected 
from the enzyme activity by chromatin proteins. However, excision 
of these DNA pieces does not result in the release of the 
corresponding nucleosomes as would be expected if initiation of 
the Okazaki fragments occurred at the internucleosomal linkers 
(fig. ЗА). Apparently the discontinuities produced by the 
nuclease in the DNA molecule remain bridged by the nucleosome 
cores in the presence of 0.5 M NaCl. 
Thus, our findings are not compatible with the hypothesis that 
the initiation of Okazaki fragments takes place at the 
internucleosomal linkers. It rather seems to occur in the 140 
base pair DNA segment bound to the histone octamer as shown in 
fig. 3B. We can not rule out definitely the possibility that the 
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initiation occurs at random because of some release of pulse 
label at 0 5 M NaCl. However, the latter could be due to some 
aspecific cleavage, scince it becomes only significant at high 
enzyme concentrations. A partial release of nucleosomes at 0.5 M 
NaCl might also be expected if the initiation would be closer to 
the ends of the 140 base pair segments which have been found to 
be less strongly bound to the histone octamers [24]. The choice 
for an initiation at the center of the nucleosomal DNA in the 
diagram (fig. 3) was made for simplicity only. 
positioning of з
л
 sensitive sites 
Figure 3 Diagrammatic presentation of the nuclease St sensitive 
sites of the parental DNA chains in the replicating region. 
Successive initiation sites of Okazaki fragments are at positions 
1, 2 and 3. The nuclease sensitive parts of the parental DNA 
strands are marked by discontinuities. The boxes limit DNA 
regions which are bound to the histone octamers. The 2 
alternative models represent initiation of Okazaki fragments in 
the linker (A) and core (B) regions respectively Hatched areas 
indicate the binding site on the nuclear matrix (9). 
-132-
References 
1. Okazaki, R., Okazaki, T., Sakabe, K., Sugimoto, K., Kainuma, 
R.. Sugino, A. and Iwatsuki, N. (1968) Cold Spring Harbor 
Symp. Quant. Biol. 33, 129-143. 
2. Schandl, E.K. and Taylor, J.H. (1969) Biochem. Biophys. Res. 
Commun. 34, 291-300. 
3. Hewish, D.R. (1976) Nucleic Acids Res. 3, 69-78. 
4. Rosenberg, B.H. (1976) Biochem. Biophys. Res. Commun. 72. 
1384-1391. 
5. Kriegstein, B.H. and Hogness, D. (1974) Proc. Natl. Acad. 
Sci. USA 71. 135-139. 
6. Hewish, D.R. and Burgoyne, L.A. (1973) Biochem. Biophys. 
Res. Commun. ^2, 504-510. 
7. Cremisi, Ch.'(1979) Microbiol. Rev. 43, 297-319. 
8. Dijkwel, P.A. and Wanka, F. (1978) Biochim. Biophys. Acta 
520. 461-471. 
9. Dijkwel, P.A., Mullenders, L.H.F. and Wanka, F. (1979) Nucl. 
Acids Res. 6, 219-230. 
10. Wanka, F., Mullenders, L.H.F., Bekers, A.G.M., Pennings, 
L.J., Aelen, J.M.A. and Eygensteyn, J. (1977) Biochem. 
Biophys. Res. Commun. 74, 739-747. 
11. Pardoll, D.M., Voçrelstein, В.S. and Coffey, D.S. (1980) Cell 
19, 527-536. 
12. Shaper, J.H., Pardoll, D.M., Kaufmann, S.H., Barrak, E.R., 
Vogelstein, В. and Coffey, D.S. (1979) Adv. in Enzyme Regul. 
12, 213-248. 
13. Pieck, A.CM. (1971) Proc. Kon. Akad. Wetensch. С 74, 
303-310. 
14. Wanka, F. (1974) Exp. Cell Res. 85, 409-414. 
15. Mullenders, L.H.F. (1979) Ph. D Thesis, University of 
Nijmegen 
16. Schlaeger, E.J. and Knippers, R. (1979) Nucl. Acids Res. 6, 
645-656. 
17. Hildebrand, C E . and Walters, R.A. (1976) Biochem. Biophys. 
Res. Commun. 73, 157-163. 
18. Seale, R.L. (1976) Cell 9, 423-429. 
19. Levy, A and Jakob, K.M. (1978) Cell Ц , 259-267. 
20. B a l d a n , С , Arnaldi, F. and Buongiorno-Nardel l i , M. (1978) 
Ce l l 15, 1095-1107. 
21. Gillespie, D.A.F, and Hardman, N. (1979) Biochem. J. 183. 
477-480. 
22. Kurek, M.P., Billig, D. and Stambrook, P. (1979) J. Cell 
Biol. 81, 698-703. 
23. Hayton, G.J., Pearson, CK.. Sciafe, J.R. and Keir, H.M. 
(1973) Biochem. J. 131. 499-508. 
24. Holde, К.E. van, Tatchel, К., Weischet, W.O. and Lohr, D. 







During the last decade, a considerable progress has been made 
in the understanding of nuclear DNA replication and the 
subsequent partition of the chromosomes during mitosis. However, 
knowledge about regulation and organization of DNA replication is 
still lacking. DNA replication, the fundamental nuclear event 
during which the genome is copied, is a unique event in the 
nuclear cycle. Initiation of DNA replication is exactly defined 
in time (onset of S phase) and location (origins of replicons). 
In one way or another, this process is mediated by the nuclear 
matrix 
In chapter 2 we have described that nuclear DNA replication in 
the slime mold Physarum polvcephalum occurres at the matrix. DNA 
is replicated and reeled through the replication site on the 
matrix and become transferred to a position more remote from the 
matrix. Besides this temporal binding of replicating DNA to the 
matrix we have demonstrated that certain DNA regions are 
permanently associated with the matrix. As can be deduced from 
pulse chase labelling in combination with graded DNAse I 
digestion it appeared that replication origins are permanently 
associated with the matrix and are initiated at the same time in 
successive S phases. These data support a model in which DNA is 
folded into loops of replicón size which are associated with the 
matrix with consecutive replication origins. Moreover, a role of 
the nuclear matrix in DNA replication is demonstrated by the firm 
attachment of replication origins. 
In order to gain more insight in the interaction between 
nuclear DNA and the nuclear matrix, as demonstrated in chapter 2, 
we developed a method to isolate nuclear matrix proteins free of 
any DNA. As described in chapter 3, nuclear matrix protein-DNA 
complexes, obtained by 2 M NaCl treatment of isolated nuclei, 
were dissociated in the presence of 9 M urea and 2 M NaCl. 
Subsequently, the proteins labelled in vivo with 'H leucine, 
could be separated from the l^C labelled nuclear DNA by means of 
hydroxyl apatite chromatography. However, a small part of the ^H 
label was co-eluted with the 1'TC labelled DNA. When proteins were 
labelled with 3;,S methionine instead of ^H leucine this 
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phenomenon was not observed. From these results we deduce that in 
Physarum, -H labelled leucine is partially transformed into a DNA 
precursor and becomes incorporated in nuclear DNA. This 
conclusion was further supported by results obtained on nuclease 
and protease digestion of dissociated matrix protein-DNA 
complexes, prior to hydroxyl apatite chromatography 
Nuclear matrix proteins isolated as described in chapter 3 
were used in DNA binding experiments which are described in 
chapter 4 and 5 Nuclear matrix proteins dissociated in the 
presence of 9 M urea and 2 M NaCl formed aggregates when dialysed 
against low ionic strength buffer Binding of added Physarum DNA 
with the aggregates was only achieved when the protein DNA sample 
was heated to 60 0C in the presence of MgCl=. In vitro assembled 
nuclear matrix protein DNA complexes showed properties resembling 
those of isolated nuclear matrix-DNA complexes, concerning the 
stabilty in the presence of NaCl and dextran sulphate. We were 
able to demonstrate that the binding of poly-nucleotides with the 
protein aggregates was specific for DNA, as judged from 
competition binding experiments with tRNA as a competitor. The 
binding appeared not to be restricted to Physarum DNA since a 
free exchangeability with calf thymus DNA was observed. 
A more detailed study, concerning binding properties of 
individual nuclear matrix proteins is described in chapter 5 
Here we have demonstrated that at least 4 Physarum nuclear matrix 
proteins exhibit DNA binding properties namely proteins with a 
molecular weight of 68 kD, 36 5 kD and two proteins of 
approximately 52 kD. However, the stability of the DNA binding 
was remarkably lower, compared to the DNA binding with aggregated 
matrix proteins On the other hand, results obtained on 
specificity of nucleic acids binding were identical. The reduced 
stability of the DNA binding to individual matrix proteins might 
be due to the interactions of the matrix proteins with the 
nitrocellulose membranes, since DNA binding to histones 
immobilized on nitrocellulose was also more sensitive to high 
salt concentration. 
A study on the protein composition of Physarum nuclear 
matrices is described in chapter 6. Residual nuclear structures, 
obtained by treating isolated nuclei with 2 M NaCl contain two 
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major polypeptides with relative molecular weights of 23 and 36.5 
kD and furthermore, some less prominent proteins of 30, 52 and 68 
kD The same set of proteins was detected when residual nuclear 
structures were prepared by treating isolated nuclei with 2 mg/ml 
dextran sulphate, or by digestion with DNase I or micrococcal 
nuclease As described above, protein distributions obtained by 
these methods were very similar, but in contrast to 2 M NaCl 
prepared nuclear matrices they contained a >150 kD protein and 
actin These results clearly demonstrate that residual nuclear 
structures, which resembles the nuclear matrix, can be obtained 
by using low ionic strength conditions. On the basis of these 
results, we dismiss the possibility that the nuclear matrix might 
be the result of an artificial precipitation of nucleoplasmic 
proteins during treatments of nuclei with high ionic strength 
buffers. 
Throughout the interphase, the nuclear protein matrix is to be 
regarded as a more or less static structure (chapter 7) that 
undergoes only minor changes. Using electrophoretic separations 
on Polyacrylamide gels we were able to demonstrated that a 52 kD 
nuclear matrix protein is absent during mitosis, and gradually 
increases in concentration during the subsequent S and г· phase. 
Using pulse chase labelling of Physarum nuclear proteins a phase 
depending variation of a 125 kD and a >150 kD nuclear protein was 
observed Obviously, both proteins were synthesized during late 
G= phase. The 125 kD protein occurred in the nucleus during 
mitoses and S phase , whereas the >150 kD de novo synthesized 
protein was observed in the nucleus during S and G^ phase. 
The the properties of the matrix associated DNA regions are 
described in chapter 8. As described in chapter 2, DNA sequences 
associated with the matrix during G=· phase are enriched in 
replication origins. Exhaustive nuclease digestion of matrix 
associated DNA fragments has revealed that no DNA molecules 
smaller than 40 base pairs could be recovered from the matrix, 
indicating that more than 40 base pairs of DNA are required in 
order to supply sufficient binding sites for a stable DNA matrix 
interaction. Digestion of nuclei with micrococcal nuclease 
revealed a size distribution of matrix associated DNA fragments 
providing evidence for a nucleosomal organization. The sequence 
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organization of matrix associated DNA fragments was studied by 
hybridization experiments. A relative increasing amount of fast 
reannealing DNA (dt <10_'*) was observed when nuclear matrix 
associated DNA was obtained from nuclei digested with an 
increasing concentration of nuclease. This result indicates that 
matrix associated DNA fragments are composed of either highly 
repetitive DNA sequences or foldback sequences. 
Finally, a more detailed study of the replication fork is 
described in chapter 9 The striking similarity between the size 
of Okazaki fragments and the length of nucleosomal DNA has led to 
the assumption that initiation of Okazaki fragment synthesis is 
mediated by the spacing of the histone octamer on the DNA 
molecule. Since the linker DNA is the most accessible part of the 
DNA in the chromatin, it was further suggested that synthesis of 
Okazaki fragments starts at the linker DNA However, studies on 
graded nuclease digestion of replicating DNA did not support this 
model. When nuclei, pulse labelled for very short times, were 
isolated and subsequently digested with micrococcal nuclease, no 
labelled DNA fragments were released from the nuclei. When the 
experiment was repeated and digested nuclei were treated with 0.5 
M NaCl, a neglegible amount of labelled DNA was released. A 
considerable amount of labelled DNA was released when digested 
nuclei were treated with 2 M NaCl, indicating that the nuclease 
has digested the DNA molecule. Similar results were obtained with 
the single strand specific nuclease Si Taken together, our 
results strongly indicate that initiation of Okazaki fragment 




Gedurende de laatste decennia werd een aanzienlijke 
vooruitgang geboekt in het bestuderen van de DNA-replicatie in de 
celkern en de daarop volgende verdeling van de chromosomen 
tijdens de mitose. De regulatie en de organisatie van de DNA-
replicatie is echter nog steeds niet opgehelderd. Replicatie van 
het kern-DNA is een unieke gebeurtenis De initiatie van de kern 
DNA replicatie is exact gedefinieerd in tijd (gedurende het begin 
van de S-fase) en plaats (replicatie-ongins) . Op de een of 
andere wijze wordt dit proces beïnvloed door de kernmatrix. 
In hoofdstuk 2 is beschreven hoe de replicatie van het kern 
DNA van de slijmzwam Phvsarum polvcephalum plaats vindt aan de 
kernmatrix. DNA hecht aan de matrix, repliceert en laat 
vervolgens los van de kernmatrix. Behalve deze tijdelijke binding 
van replicerend DNA is er ook een permanente aanhechting van 
bepaalde DNA-gebieden aan de kernmatrix waargenomen. Uit 
experimenten met puls-chase-labe1 ing van kernen, gevolgd door een 
graduele afbraak met DNase I, bleek dat DNA-replicatie-origins 
permanent zijn aangehecht aan de matrix en steeds worden 
geimtieeid in opeen volgende S fasen. Deze gegevens ondersteunen 
een model, waarin DNA is georganiseerd in lussen met de lengte 
van een replicón en waarbij opeenvolgende replicons zijn gebonden 
aan de matrix met hun replicatie origins. Bovendien kan uit de 
vaste verankering van het DNA aan de matrix worden afgeleid, dat 
deze laatste een belangrijke functie vervult in de DNA-
rep 1icatie. 
Ten einde meer inzicht te verkrijgen in de interactie tussen 
het kern-DNA en de kernmatrix, zoals beschreven in hoofdstuk 2, 
werd een methode ontwikkeld om kernmatrix-eiwitten te isoleren en 
te zuiveren In hoofdstuk 3 staat beschreven, dat het kernmatrix-
eiwit-DNA-complex, verkregen door geïsoleerde kernen te 
behandelen met 2 M NaCl, dissocieert in aanwezigheid van 9 M 
ureum en 2 M NaCl. Vervolgens werden de in vivo gelabelde 
eiwitten (met ïH-leucine) gescheiden van het 3"C-thymidine 
gelabelde DNA door middel van hydroxyapatiet chromatografie. 
Echter, een klein gedeelte van het -H gelabelde materiaal werd 
onder de piek van 1'q'C gelabelde DNA terug gevonden. Wanneer 
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eiwitten werden gelabeld met ^ =S methionine bleef dit effect 
achterwege Hieruit werd geconcludeerd, dat een gedeelte van het 
Ή leucine wordt omgezet in een DNA-bouwsteen. Deze conclusie 
werd verder nog bevestigd door de resultaten die werden geboekt 
door vóór de kolom-chromatografie het matrix eiwit-DNA complex te 
digesteren met nuclease of protease. 
Eiwitten verkregen volgens de methode van hoofdstuk 3, werden 
gebruikt in DNA eiwit binding experimenten zoals beschreven staat 
in hoofdstuk 4 en 5. Eiwitten, die werden verkregen door 
kernmatnces te dissociëren in 9 M ureum en 2 M NaCl, vormden 
aggregaten, wanneer deze werden gedialyseerd tegen buffers met 
een lage lonsterkte. Binding van toegevoegd DNA trad alleen op in 
aanwezigheid van MgCl^ in combinatie met een incubatie-
temperatuur van 60 0C. De aldus verkregen eiwit-DNA complexen 
vertoonden een overeenkomst met intakte kernmatrix-eiwit-DNA-
complexen wat betreft hun stabiliteit in de aanwezigheid van 2 M 
NaCl of dextraansulfaat. Door middel van competitie experimenten 
met tRNA werd verder aangetoond dat de polynucleotide-binding met 
de eiwit-aggregaten specifiek was voor DNA. De DNA binding was 
niet specifiek voor Physarum DNA, maar bleek ook op te treden met 
kalfthymus-DNA. Een meer gedetaileerde beschrijving van DNA 
bindende eigenschappen van individuele matrix eiwitten staat 
beschreven in hoofdstuk 5. Matrix eiwitten, met molecuul massa's 
van 68 kD, 36,5 kD en twee eiwitten van ongeveer 52 kD, 
vertoonden DNA bindende eigenschappen. De stabiliteit van de DNA-
binding was echter aanzienlijk lager dan van DNA gebonden aan 
eiwit aggregaten, terwijl de specificiteit van de DNA-binding 
volledig identiek was. De lagere stabiliteit van de DNA-binding 
aan individuele matrixeiwitten zou toegeschreven kunnen worden 
aan de binding van de eiwitten aan de nitrocellulose membraan, 
temeer daar een zelfde stabiliteits vermindering werd waargenomen 
wanneer histon eiwitten werden gebonden aan nitrocellulose 
fi Iters. 
In hoofdstuk б wordt een beschrijving gegeven van de eiwit 
samenstelling van de kernmatrix van Phvsarum polycephalum 
Kernmatnces, die werden verkregen door geïsoleerde kernen te 
behandelen met 2 M NaCl, bestaan voornamelijk uit twee eiwitten 
-141-
met een molecuulmassa van 23 en 36,5 kD en enkele minder 
dominante eiwitten met molecuulmassa's van 30, 52 en 68 kD. 
Geïsoleerde kernen, behandeld met 2 mg/ml dextraansulfaat of 
gedigesteerd met DNase I of staphylococcus nuclease vertoonden 
een bijna identieke eiwit samenstelling, behalve dat bovendien 
een >150 kD eiwit en actine werden aangetroffen Deze resultaten 
tonen duidelijk aan, dat residue kernstructuren, die lijken op de 
matrix, kunnen worden verkregen door gebruik te maken van lage 
lonsterktes. Op grond hiervan kan de mogelijkheid, dat de 
kernmatnx een artificiële precipitaat is van nucleop lasma-
eiwitten, ontstaan bij hoge lonsterktes, worden uitgesloten 
Gedurende de gehele interfase blijkt de kernmatnx (hoofdstuk 
7) een starre structuur te zijn, die slechts enkele veranderingen 
ondergaat in eiwit samenstelling. Gebruik makende van 
electroforese op polyacrylamide-gels werd aangetoond, dat een 52 
kD kernmatrix-eiwit afwezig is tijdens de mitose en daarna weer 
geleidelijk is terug te vinden in de kernmatnx. Met puls-chase-
label ings-techmeken werd een cyclus afhankelijk voorkomen van 
een 125 kD en een >150 kD eiwit in de kern aangetoond. Beide 
eiwitten werden gesynthetiseerd in de late G. fase. Het 125 kD 
eiwit werd gedurende de mitose en de S fase aangetroffen in de 
kern, terwijl het >150 kD eiwit tijdens de S en G^ fase in de 
kern aanwezig was. 
De eigenschappen van het DNA, dat aangehecht is aan de 
kernmatnx, is onderzocht en beschreven in hoofdstuk 8 Zoals al 
in hoofdstuk 2 werd beschreven, zijn de aan de matrix gebonden 
DNA sequenties verrijkt met replicatie origins. Uitputtende 
nucleasedigestíes van kernen toonden aan, dat matrix geassocieei— 
de DNA fragmenten altijd groter zijn dan 40 base paren. Waar-
schijnlijk zijn mimimaal 40 base paren nodig voor een stabiele 
binding aan de matrix. Digestie van kernen met staphylococcus 
nuclease toonden aan, dat matrix geassocieerde DNA fragmenten 
zijn georganiseerd in nucleosomen. Met behulp van DNA 
hybridisatie technieken werd de sequentiële organisatie van het 
matnx-aangehechte DNA onderzocht. Een relatief oplopende 
hoeveelheid van snel hybndiserend DNA (G-.t <10"*) werd 
waargenomen, wanneer kernmatnx-DNA werd verkregen van kernen, 
die werden gedigesteerd met een steeds hogere nuclease concentra-
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tie. Hieruit werd geconcludeerd dat matrix-geassocieerd DNA 
bestaat uit repetitieve DNA-sequenties of uit foldback-
sequenties. 
Ten slotte wordt in hoofdstuk 9 een gedetaileerde beschrijving 
gegeven van de replicatievork De opvallende overeenkomst tussen 
de lengte van de Okazaki-fragmenten en het nucleosomale DNA gaf 
aanleiding tot de aanname, dat de initiatie van de synthese van 
de Okazaki-fragmenten plaats vindt op het linker-DNA, daar dit 
het meest toegankelijke gedeelte van het DNA molecuul in het 
chromatine is De resultaten, verkregen uit graduele digestie van 
replicerend DNA, ondersteunen deze suggestie echter niet. Wanneer 
kernen werden geïsoleerd, na en vrij korte puls-label mg, en 
vervolgens werden gedigesteerd met staphylococcus nuclease dan 
werden geen DNA fragmenten uit de kern verwijderd, ook niet, 
wanneer de kernen na digestie werden behandeld met 0 5 M NaCl 
Een aanzienlijke hoeveelheid DNA werd vrijgemaakt uit de kern, 
wanneer deze werden behandeld met 2 M NaCl Hieruit kan worden 
afgeleid dat de nuclease in ieder geval het DNA molecuul had 
afgebroken. Dezelfde resultaten werden bereikt, wanneer DNase I 
werd vervangen door de enkelstrengs-specifleke nuclease Sj 
Samenvattend geven deze resultaten sterke aanwijzingen voor een 
initiatie van de Okazaki fragment synthese op het nucleosomale 
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Bij de acellulaire slijmzwam Physaruro poiycephal um zun de DNA-
replicatie origins permanent aangehecht aan de kernmatrix en 
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